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ABSTRACT

The high energy physics community is continually looking to push the limits

with respect to the energy and luminosity of particle accelerators. In the realm of lep-

tons, only electron colliders have been built to date. Compared to hadrons, electrons

lose a large amount of energy when accelerated in a ring through synchrotron radia-

tion. A solution to this problem is to build long, straight accelerators for electrons,

which has been done with great success. With a new generation of lepton colliders

being conceived, building longer, more powerful accelerators is not the most enticing

option. Muons have been proposed as an alternative particle to electrons. Muons

lose less energy to synchrotron radiation and a Muon Collider can provide luminosity

within a much smaller energy range than a comparable electron collider. This allows

a circular collider to be built with higher attainable energy than any present electron

collider. As part of the accelerator, but separate from the collider, it would also be

possible to allow the muons to decay to study neutrinos. The possibility of a high

energy, high luminosity muon collider and an abundant, precise source of neutrinos

is an attractive one.

The technological challenges of building a muon accelerator are many and di-

verse. Because the muon is an unstable particle, a muon beam must be cooled and

accelerated to the desired energy within a short amount of time. This requirement

places strict requisites on the type of acceleration and focusing that can be used.

Muons are generated as tertiary beams with a huge phase space, so strong magnetic

fields are required to capture and focus them. Radio frequency (RF) cavities are

needed to capture, bunch and accelerate the muons. Unfortunately, traditional vac-

uum RF cavities have been shown to break down in the magnetic fields necessary for

capture and focusing.

To successfully operate RF cavities in strong magnetic fields, the idea of filling

xv



them with a high pressure gas in order to mitigate breakdown was proposed. The

gas has the added benefit of providing cooling for the beam. Experiments were

successfully performed using different gas species in a test cell cavity placed in a

multi-Tesla magnetic field. These encouraging results lead to the necessity of a test

closer to actual accelerator conditions, namely sending a beam of particles through

the cavity. The electron-ion plasma created in the cavity by the beam absorbs energy

and can degrade the accelerating electric field of the cavity. Electrons can recombine

with hydrogen ions, however this process is slow compared to the bunch length and

spacing. As electrons account for the majority of the energy loss in the cavity, their

removal in a short time is highly desirable. The addition of an electronegative dopant

gas can greatly decrease the lifetime of an electron in the cavity.

The results of two beam tests will be presented. The experimental variables

cover a wide range of gas pressure, beam intensity, and cavity electric field. Measure-

ments in pure hydrogen of the power consumption of electrons in the cavity indicate a

range of energy loss between 10−18 and 10−16 joules per RF cycle per electron. When

hydrogen doped with dry air is used, measurements of the power consumption indi-

cate an energy loss range of 10−20 to 10−18 joules per RF cycle per ion, two orders of

magnitude improvement over non-doped measurements. The rate at which electrons

recombine with positively charged hydrogen ions ranges from 10−7 to 10−5 cm3

s . The

lifetime of electrons in a mixture of hydrogen gas and dry air has been measured from

< 1 ns, up to 200 ns. Finally, the ion-ion recombination rate falls between 10−8 and

10−7 cm3

s .

The results extrapolated to the parameters of a Neutrino Factory and Muon

Collider indicate that a high pressure gas filled RF cavity will work in a cooling-

channel for either machine. A demonstration experiment is warranted to prove this

technology’s validity.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

With the completion of the Large Hadron Collider (LHC) at the European

Organization for Nuclear Research (CERN) and recent discovery of a Higgs-like boson

[2,3], building a particle accelerator that could study Higgs couplings and new physics

related to the Higgs not achievable by the LHC is an attractive option. Additionally,

the neutrino mixing angle θ13 has been measured to be non-zero [4–8], which provides

the possibility of measuring CP violation in the lepton sector. A facility that could

do this as well as determine the neutrino mass hierarchy and provide a more precise

measurement of neutrino mixing parameters would be highly beneficial.

A muon accelerator could probe both of these areas of physics. A high lumi-

nosity Muon Collider could be designed with a center of mass energy at the Higgs

resonance, or provide a multi-TeV machine with which to search for new physics, while

a Neutrino Factory could be incorporated into such a complex before the collider to

provide an abundant, well-characterized source of neutrinos.

1.1.1 Muon Collider. There are three main particle production channels of

interest for a Muon Collider. The first is pair production, with the ratio, R, of the

cross section for producing a particle, X , and its antiparticle to that of the cross

section for electron-positron production being the figure of merit [1]:

R ≡ σ(µ+ µ− → X + X̄)

σQED(µ+ µ− → e+ e−)
(1.1)

For example, at 3 TeV, the rate for top quark production is R = 1.86 [1].

The second channel is s-channel resonance. The cross section for production
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is [1]:

σµ+ µ−→X =
π

4k2
(2 J + 1)

Γ2

(E − M)2 + Γ2/4
Bµ+ µ− Bvisible (1.2)

where k is the momentum of the incoming muon, J is the spin of particle X , E is

the initial state energy, M is the mass of particle X , ΓBµ+ µ− is the partial width of

X → µ+ µ− and ΓBvisible is the visible decay width of X . At peak resonance [1]:

Rpeak = 3 (2J + 1)
Bµ+ µ− Bvisible

α2
EM

(1.3)

where α2
EM is the electromagnetic coupling constant.

The final channel is fusion processes of the kind shown in Fig. 1.1. Here X

is the particle of interest. Figure 1.2 shows the cross section for such a process vs.

center of mass energy. Note the large cross section for the process µ+ µ− → ν̄µ νµH .

Figure 1.1. Feynman diagram of a typical fusion process at a Muon Collider [1].
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Figure 1.2. Cross sections vs. center of mass energy for various processes at a lepton
collider [1].
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Presently there are two candidates for a next generation multi-TeV lepton

collider: a µ+µ− circular collider, or an e+ e− linear collider. Muons have two distinct

advantages over electrons. The first is that when accelerated, muons lose less energy

to synchrotron radiation than electrons; the instantaneous power radiated being given

by [9]:

P =
e2 cE4

6 π ǫ0 (mc2)4 ρ2
(1.4)

where e is the charge of the muon, c is the speed of light, E is the total energy of the

muon, ǫ0 is the vacuum permittivity, m is the mass of the muon, and ρ is the bending

radius. It can be seen that the radiated power goes as the inverse mass to the fourth

power. Because me/mµ ≃ 5 × 10−3, a Muon Collider could be built in a ring and is

therefore much more compact than an electron collider, which must be straight.

The second advantage is that at energies of ∼TeV, beamstrahlung radiation

(due to the electric fields of colliding beams) is much smaller for muons than electrons,

meaning the energy spread of a muon beam (∆E/E ∼ 10−3) is significantly smaller

than that of an electron beam. This can be seen in Fig. 1.3.

Figure 1.3. Luminosity density comparison between a 3TeV Muon Collider (red) and
a 3TeV e+ e− collider (blue) [10].

A Muon Collider complex could look something like that shown in Fig. 1.4. A
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high power proton source is needed to produce the desired number of muons (2×1012

muons per bunch would require ∼ 2 × 1014 protons on target with a total power of

4MW) (see Fig. 1.5) [11].

Figure 1.4. Possible schematic for a Muon Collider [11].

After being accumulated and bunched, the protons collide with a liquid mer-

cury jet target where they produce pions. A successful demonstration of this technol-

ogy was performed by the MERIT experiment, in which a liquid mercury jet housed

in a 15T solenoid was hit by a proton beam of up to 4MW (see Fig. 1.6) [12].

These pions are created with a huge phase space and must be captured in

strong magnetic fields (∼ 20T). A solenoid capture system to accomplish this has

been designed [13]. Once the pions are captured they decay into muons, which are

then bunched and phase rotated. This is a multi step process, depicted in Fig. 1.7.

The muons begin with a large energy spread and small time spread. They are allowed

to drift so that the higher and lower energy muons separate (a larger time spread,
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Figure 1.5. A potential proton driver and target system for a Muon Collider based
on an upgraded Project X [1].

Figure 1.6. A schematic of the MERIT experiment. The liquid mercury injection
system (on the left) shoots a jet of mercury into the solenoid (on the right) where
a beam of protons hits it at a 67mrad angle [12].
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while maintaining the same energy spread). RF cavities are then used to bunch

the beam (due to the sinusoidal electric field), which maintains the time and energy

spread. Finally, additional RF cavities are used to decrease the energy spread while

increasing the time spread slightly (which is accomplished through proper phasing of

the RF with respect to bunch timing). A simulation of the phase rotation is shown

in Fig. 1.8. Notice the large energy and small time spreads before, and small energy

and large time spreads after. The 12 most intense bunches are enclosed in the box in

the right plot.

Figure 1.7. Conceptual plot showing the phase rotation process for a Muon Collider
[1].

Figure 1.8. The results of a simulation of particle energy and time spread before (left)
and after (right) the phase rotation [1].

Many orders of magnitude of emittance reduction (“cooling”) is needed to get

the muons to the desired emittance before they can be sent to the final acceleration

and collider. This is accomplished in multiple steps using a technique called ionization
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cooling. A simulation of the longitudinal versus transverse emittance followed through

these steps is shown in Fig. 1.9. It can be seen that the initial phase rotation and

transverse (4D) cooling are required for a Neutrino Factory front end. Table 1.1 lists

the RF requirements for the bunching, phase rotation, and 4D cooling.

Figure 1.9. Cooling simulation for a possible Muon Collider cooling-channel [10].
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Table 1.1. RF requirements for a Neutrino Factory [14].

Section Parameter Value Units

Buncher pmuon 233 MeV
c

f 319.6− 233.6 MHz

E 4− 7.5 MV
m

L 0.4− 0.5 m

B 1.5 T

Rotator pmuon 230 MeV
c

f 230.2− 202.3 MHz

E 12 MV
m

L 0.5 m

Cooler pmuon 230 MeV
c

f 201.25 MHz

E 15 MV
m

L 0.5 m

B 2.8 T

Nmuons 1011 1

bunch
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1.1.2 Neutrino Factory. Neutrinos have provided perhaps the most diverse source

of new results in particle physics over the last decade. There are three known flavor

eigenstates and three known mass eigenstates of neutrinos [15]. They are related to

each other through a unitary matrix consisting of three mixing angles, θ12, θ23 and

θ13, and one phase angle, δ:






νe

νµ

ντ






=







c13 c12 c13 s12 s13 e
−iδ

−c23 s12 − s13 s23 c12 e
iδ

c23 c12 − s13 s23 s12 e
iδ

c13 s23

s23 s12 − s13 c23 c12 e
iδ −s23 c12 − s13 c23 s12 e

iδ
c13 c23













ν1

ν2

ν3






(1.5)

where sij = sin θij and cij = cos θij . Neutrino oscillation experiments have con-

strained the values of this matrix to be:

U ≈







0.8 0.5 ?

0.4 0.6 0.7

0.4 0.6 0.7






(1.6)

The current world average sets sin2 2 θ13 = 0.098 ± 0.013 [16]. No measurements of

δ have been published to date.

It is now known that neutrinos have mass, however the absolute values are not

known. As a neutrino beam propagates through matter, its evolution is given by [17]:

i
dνα
dt

=
∑

β

1

2Eν

[

∆m2

31 Uα3 U
∗

β3 +∆m2

21 Uα2 U
∗

β2 + Aδαℓ δβℓ
]

νβ (1.7)

where ∆m2
ij = m2

i −m2
j , Uij is a mixing matrix element, A/(2Eν) is the amplitude for

coherent forward charged current scatter of νe on electrons, and δij is a delta function.

Neutrino oscillation experiments have determined the magnitude of ∆m2
21, but not

sign of ∆m2
31. Equation 1.7 can be solved numerically to predict the probability of

a neutrino of flavor α and energy Eν oscillating to flavor β as it travels distance L.

Therefore a Neutrino Factory could be optimized for sets of Eν and L in order to

study specific parameters. For the case of a 25GeV Neutrino Factory, detectors at

baselines of 2500− 5000 km and 7000− 8000 km would be ideal.

There is also good reason to believe that neutrinos violate charge-parity (CP)

conservation and that they are their own antiparticles (Majorana). Of these remaining
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questions, a Neutrino Factory could shed light on CP violation, the mass hierarchy,

and mixing angles.

The front end of a Muon Collider could be the same as the front end of a

Neutrino Factory. Figure 1.10 shows a schematic for a Neutrino Factory. The proton

driver, target, buncher, and phase rotation sections could serve for both. Less overall

(perhaps even just 4D) cooling is required for a Neutrino Factory than a Muon Col-

lider. After cooling, the beams are sent to a series of recirculating linear accelerators

(RLAs) and optionally a fixed-field alternating-gradient (FFAG) accelerator. Finally

each beam (µ+ and µ−) enters a ring with long straight segments in which the muons

decay and send neutrinos toward the detectors.

Figure 1.10. Schematic diagram of a Neutrino Factory.

Tables 1.2 and 1.3 show some typical parameters for Muon Collider and Neu-

trino Factory schemes.
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Table 1.2. Proposed Muon Collider parameters [1].

Parameter Unit Value

Center of mass energy TeV 1.5 3

Luminosity 1034 cm−2s−1 1.25 4.4

Proton driver beam power MW 4 3.2

Muons per bunch 1012 2 2

Muon beam power (both beams) MW 7.2 11.5

Normalized rms emittance ǫx,y µm 25 25

Normalized rms emittance ǫz µm 72,000 72,000

Repetition rate Hz 15 12

Table 1.3. Propose Neutrino Factory parameters [1].

Parameter Unit Value

Muon energy GeV 25

Muon decays in 107 s 1021

Distance to intermediate baseline detector km 2500-5000

Distance to far baseline detector km 7000-8000

Normalized transverse acceptance mm 30

Normalized longitudinal acceptance mm 150

1.1.3 Cooling. Stochastic cooling (a feedback method in which a particle’s motion
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is corrected by a kicker), electron cooling (a cold co-moving electron beam), or other

traditional cooling methods do not work for muons due to their short lifetime (2.2µs).

Ionization cooling appears to be the only method that provides the desired emittance

reduction in the required time [18,19]. The technique of transverse ionization cooling

is illustrated in Fig. 1.11. A particle passes through an absorbing material, losing

momentum in the transverse and longitudinal directions by ionizing the absorbing

material. Momentum is then replaced in the longitudinal direction by an RF cavity.

There are two competing effects involved. The net loss of momentum in the transverse

direction decreases the emittance, while multiple Coulomb scattering in the material

increases the emittance. The choice of material must be such that the latter is smaller

than the former. The change in normalized transverse emittance over path length is

given approximately by Eq. 1.8, where β = v/c, Eµ is the energy of the muon in GeV,

β⊥ is the optical beta function in the magnetic channel in meters, mµ is the mass of

the muon in GeV/c2, and X0 is the radiation length of the absorber in meters [20].

The negative term in Eq. 1.8 is the cooling term and the positive term is the heating

term:

dǫn
ds

≈ − 1

β2

〈

dEµ

ds

〉

ǫn
Eµ

+
1

β3

β⊥ (0.014)2

2EµmµX0

(1.8)

Figure 1.11. Diagram of transverse ionization cooling. A particle (red) passes through
an absorber (yellow), losing energy. It is then reaccelerated in the longitudinal
direction by an RF cavity (cyan) [1].

While this provides cooling in the transverse dimension, it does not cool in

the longitudinal dimension. Transverse cooling alone is not sufficient to achieve the

desired luminosity, so a process called emittance exchange must be employed. The
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concept is to decrease δE/E by making high energy particles pass through more ab-

sorbing material than low energy particles. Figure 1.12 shows three possible methods.

All three use a magnet to bend the path of the beam. This produces dispersion; the

path length of higher energy particles will be longer than that of lower energy parti-

cles. This will also increase the transverse size of the beam. In the first method, the

beam passes through a wedge absorber in which higher energy particles pass through

more material. This has an overall effect of reducing the energy spread (longitu-

dinal emittance) while increasing the transverse size (transverse emittance) of the

beam. The second method combines the magnet and absorber, producing the same

result. The third method uses angular dispersion to make the higher energy particles

pass through a slab of absorber (placed between two magnets) at an angle, thereby

increasing the path length.

All three methods have been used to simulate cooling-channels and each cools

in all six phase space dimensions. Figure 1.13 shows a model of each. The so-called

Guggenheim RFOFO channel is shown in the top left [21]. The first example of emit-

tance exchange as mentioned above is employed here. RF cavities are placed inside

pairs of opposite polarity solenoids that provide transverse focusing. The channel

is wrapped in the shape of a helix to provide dispersion, while wedge absorbers are

placed between RF cavities at beta function minima. This method uses vacuum

cavities in solenoidal magnetic fields up to ≈7T.

The second method is shown in the top right of Fig. 1.13 and is called the

Helical Cooling Channel (HCC) [22]. In this geometry, offset solenoids surround RF

cavities and create a helical beam trajectory. In this case, the beampipe is filled with

high pressure hydrogen gas to act as the ionization medium. Particles with larger

momentum pass through more absorbing material than lower momentum particles.

This method uses high pressure gas filled cavities in solenoidal magnetic fields up to
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Figure 1.12. Three examples of emittance exchange. a) Dispersion in a magnet (cyan)
and an absorbing material wedge (gray). b) Dispersion in a magnet filled with an
absorbing material. c) Angular dispersion in two magnets with an absorbing slab
between [1].

Figure 1.13. Three possible 6D cooling-channels. Top left is the Guggenheim RFOFO
(the yellow rings are solenoids, the brown pillboxes are RF cavities), top right is
the helical, and bottom is the helical FOFO snake (the purple and magenta toroids
are alternating tilted solenoids, the cyan disks are absorbers, and the red pillboxes
are RF cavities) [1].
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14T.

The final method is shown in the bottom of Fig. 1.13 and is called the Helical

FOFO Snake [23]. This channel uses alternating polarity tilted solenoids around disk

absorbers to provide angular dispersion. The previous two methods work for only one

sign of muons, while the Helical FOFO Snake works for both because of the phasing

of the beam at the alternating polarity tilted solenoids.

The bunches are merged into one, and more 6D cooling is applied. The final

transverse cooling is done in high field solenoids. This is accomplished in many stages

of absorber-filled solenoids and RF cavities. The field strength of the solenoids must

be 30− 50T. From there the muon beam is sent to the final acceleration.

For the 4D cooling and in each 6D cooling-channel, RF cavities are required

to operate in very strong magnetic fields. This is one of the main technological

challenges in building a muon accelerator. As will be seen later, traditional vacuum

cavities break down in such conditions, and so new techniques are required in order

to circumvent this.

1.2 Theory

1.2.1 Breakdown in an RF Field. In any accelerator RF cavity, electrons

emitted from the surface of the metal and accelerated by the electric field (“dark

current”) are present. This is quantum tunneling of electrons through the potential

barrier at the surface of the metal (work function). There are two main sources of

dark current: reduction of the potential barrier due to the electric field at the surface,

or thermionic emission. The Fowler-Nordheim equation gives the current density (in

A/m2) due to the surface electric field [24]:

j =
AFN (β Esurf)

2

φ
e
−

BFN φ3/2

β Esurf (1.9)

where AFN = 1.54 × 106 eVA/MV2, β is the ratio of the local electric field at the
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emitter to the average surface field, Esurf is the surface electric field, φ is the work

function of the material (for copper, φ = 4.7 eV), and BFN = 6830MV/(m (eV)3/2).

Measurements for one R&D cavity indicate β ≈ 184, meaning the local field at an

emitter ranges 1.8− 9.2 GV
m (for Esurf = 10− 50 MV

m ) [24]. This results in a current

density of 4.2× 10−5 − 1.4× 1010 A
m2 (the size of a typical emitter is 10−14m2). The

thermionic emission current density is given by [24]:

j = AT 2 e
−

φ
kB T (1.10)

where A = 1.2×106A/(Km)2, T is the temperature, and kB is Boltzmann’s constant.

For emitter temperatures below 5000K, the current density from Fowler-Nordheim

emission is orders of magnitude larger than that from thermal emission.

When the current density gets sufficiently high, an arc may form between the

end plates of the cavity, shorting it and causing breakdown. Simulations of dark

current show that the presence of an axial (solenoidal) magnetic field greatly focuses

the emitted electrons traversing the length of the cavity [25]. An example is shown

in Fig. 1.14. It can be seen that even a 0.5T magnetic field has a significant focusing

effect on the emitted electrons.

Experiments have been performed with both open cell and pillbox cavity ge-

ometries, using various metallic materials, to map the performance of vacuum RF

cavities in external magnetic fields [24–28]. Data on the degradation of the maxi-

mum achievable accelerating gradient vs. applied external magnetic field are shown

in Fig. 1.15.

In order to mitigate breakdown of an RF cavity in an external magnetic field,

it was proposed to fill the cavity with a high pressure gas to prevent the electrons from

forming an arc [29]. If the gas used is hydrogen, it provides the additional benefit

of cooling a beam of muons that pass through the cavity. The gas reduces the mean
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Figure 1.14. Simulation of the magnetic focusing effect in an RF cavity. The path of
the electron (red) traversing the cavity is shown, with the phase it was emitted
relative to the peak electric field labeled. On the left there is no external axial
magnetic field. On the right there is a 0.5T axial field [25].

Figure 1.15. Maximum accelerating field in a pillbox cavity vs. external magnetic
field. Different modes of magnet operation are shown [26].
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free path, ℓ, of the electrons by causing them to lose energy through collisions with

gas molecules. If, eE ℓ < the ionization energy of the gas (E is the applied electric

field), the electrons never gain the energy required to ionize the gas and produce more

electrons. The denser the gas, the more collisions an electron would make, and so

the maximum achievable electric field in the cavity should increase with gas pressure.

When an electron gains enough energy to ionize the gas, a cascade of electrons can

be produced, called a Townsend Avalanche [30]. The current in the gas is given by:

I = I0 e
αd (1.11)

where I0 is the initial electron current at the source, d is the electrode separation,

and α is the first Townsend coefficient. It is convention to normalize the electric field

by the pressure (E/P = X) because the average energy gained between collisions is

constant for a constant X . Figure 1.16 shows α normalized to pressure vs. X .

Figure 1.16. The first Townsend coefficient normalized to pressure vs. X [30].

This avalanche causes the cavity to break down. Measurements of the limit at

which increasing the gas pressure no longer prevents breakdown have been made [31].
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This boundary for gas breakdown falls between 14 and 20 (V/cm)/mmHg, or in more

applicable units, 1.06− 1.51 (MV/m)/atm (0.0724− 0.103 (MV/m)/psi).

Studies have shown that filling an RF cavity with a high pressure gas does in

fact prevent breakdown in strong magnetic fields. An 805MHz high pressure pillbox

test cell fitted with electrodes to enhance the electric field shows great improvement

over vacuum cavities for a variety of electrode materials and gas species [32, 33].

Figures 1.17 and 1.18 summarize the results.

Figure 1.17. Maximum gradient vs. pressure for different electrode materials [32].

Figure 1.17 shows the maximum gradient vs. hydrogen gas pressure for various

electrode materials. It can be seen that the electric field increases linearly with

pressure up to a certain pressure (this is called the Paschen Region), at which point

the breakdown field is determined by electrode material (this is called the Metallic

Region). The exact mechanism that causes this material dependence is not known,

although it is believed that for sufficiently large electric fields, the surface of the metal

may actually melt, and properties such as the work function of the metal contribute

significantly [34]. Note that there is virtually no difference in maximum gradient

using a molybdenum electrode with and without a 3T magnetic field.
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Figure 1.18. Maximum gradient vs. pressure for different gas species [33].

Figure 1.18 shows the maximum gradient vs. gas pressure for various gas

species (using copper electrodes). The Paschen Region can be seen in this data set

as well, with the parent gas species (hydrogen or nitrogen) affecting the slope and

ultimately the maximum electric field. Doping the parent gas with an electronegative

gas changes the slope and maximum field as well.

These encouraging results necessitate a more realistic test of a high pressure

gas filled radio frequency (HPRF) cavity. As will be seen later, the plasma created by

sending a beam of particles through the gas consumes RF power. The extent of this

power consumption and methods to mitigate it must be explored before an HPRF

cavity can be validated for use in a muon cooling-channel.

1.2.2 Plasma Formation. Charged particles passing through hydrogen gas will

interact with the gas through ionizing and dissociative ionizing collisions. In this

experiment those particles are protons, however in this respect there is very little

difference between the interactions of protons and muons. The dominant process is
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single ionization [35]:

p+H2 → p +H+

2 + e− (1.12)

Dissociative ionizing processes are also known to occur at the few percent level [35]:

p+H2 → p+H+H+ + e− (1.13)

p+H2 → p+H+H+∗ + e− (1.14)

The ionization electrons can have enough energy to ionize hydrogen as well.

Again, the dominant process is ionization, with dissociative ionization possible as

well [36]:

e− +H2 → H+

2 + 2e− (1.15)

e− +H2 → H +H+ + 2e− (1.16)

These processes produce a plasma that is mostly e− and H+

2 . At high pressures of

hydrogen background gas, the H+

2 ions quickly interact to form H+

3 (usually within

one picosecond) via [37]:

H+

2 +H2 → H+

3 +H (1.17)

H+

3 can be formed in an excited vibrational state, but quickly relaxes through collisions

with H2 [38, 39]. Larger clusters of hydrogen can be formed through three-body

collisions between the hydrogen ions and gas molecules [40]. The resulting hydrogen

clusters can be dissociated through additional collisions. Eventually an equilibrium

of the population of hydrogen ion clusters will be reached based on gas temperature

and pressure.

H+

n−2 +H2 +H2 ⇌ H+

n +H2 (n = 5, 7, 9, ...) (1.18)

For an incident particle of mass M and momentum M β γ c, the maximum

initial kinetic energy of an ionization electron is given by [41]:

ǫmax =
2me (c β γ)

2

1 + 2 γ (me/M) + (me/M)2
(1.19)
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where c is the speed of light, β = v/c, v is the velocity of the incident particle, and

γ = 1√
1−β2

. In this experiment, γ ≃
√
2, and the incident particle is a proton, so

me/M ≈ 1/2000. Eq. 1.19 reduces to ǫmax = 2me c
2 β2 γ2. In this experiment ǫmax ≃

1MeV. For incident muons, this is still a good approximation up to γ approaching

10. For muon cooling channels currently under consideration, γ ≃2.

Energy gained by electrons from the RF field is transferred to the surrounding

gas through collisions. The electron thermalization time is given by:

τe =
1

ζe νe
(1.20)

where νe is the collision frequency and ζe is the fractional energy loss per collision. For

the case of electrons with energy below the ionization level, rotational and vibrational

collisions dominate, and ζe ∼ 10−3−10−2 [42]. The energy loss for an elastic collision

is smaller, ζe = 2me/(me +mH2
) ≈ 1/2000. Assuming a Maxwellian distribution of

electrons, the collision frequency over a pressure range of 300−1520 psi(20.4−103 atm)

at 300K is 7.2 − 36.6 × 1012 s−1 [43]. This gives a maximum thermalization time of

0.28 ns. Since the half period of 805MHz is 0.62 ns, it is safe to assume the electrons

are always in thermal equilibrium with the surrounding gas. The electrons then drift

with the applied RF electric field.

The number of electron-ion pairs produced by the proton beam can be esti-

mated. Using the density of hydrogen gas, ρ, the average energy required to ionize a

hydrogen molecule, Wi, the energy loss per unit length of 400MeV protons in hydro-

gen (see Fig. 1.19) dE
dx
, and the cavity length h, one gets:

Npairs =
dE/dx ρ h

Wi
×Np (1.21)

where Np is the measured number of protons incident on the cavity. The uncertainty

in Npairs is determined by the beam current measurement. The rates of ionization

and dissociative ionization for protons and electrons on hydrogen gives an uncertainty
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on the number of electrons and ions produced of ∼ 5%.
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Figure 1.19. Mean energy loss rate versus particle momentum in various materials
[41].

1.2.3 Energy Loss.

1.2.3.1 Beam Loading. A beam of charged particles passing through an RF

cavity will produce an effect called beam loading. As a bunch of charge +q passes

through the accelerating gap along the axis of the cavity, a charge of −q due to the

image current will accumulate on the upstream end of the gap and a charge of +q

will accumulate on the downstream end of the gap (see Fig. 1.20). A voltage will thus
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be created across the gap, and for an infinitesimally short bunch will be [44]:

Vb =
q

C
=
q ωrR

Q
(1.22)

where C is the equivalent gap capacitance, ωr is the resonant frequency of the cavity,

R is the shunt impedance, and Q is the unloaded quality factor. This voltage opposes

and reduces the accelerating voltage of the cavity; the voltage seen by the next bunch

is thus reduced. The energy removed from the cavity by the bunch is [45]:

Wb =
1

2

q2

C
=

1

2

R

Q
ωr q

2 =
1

2
q Vb (1.23)

Figure 1.20. An illustration of beam loading [44]. The beam produces an image
current, which leaves a positive charge on on the downstream end of the cavity
and a negative charge on the upstream end of the cavity. The induced electric field
opposes and lowers the accelerating voltage of the cavity.

The net voltage seen and energy received by a bunch are (respectively) [45]:

V = Vg sin φb −
1

2
Vb (1.24)

W = qVg sin φb −Wb = q

(

Vg sin φb −
1

2
Vb

)

(1.25)

where Vg is the generator voltage and φb is the beam phase angle measured from the

zero crossing of the RF wave.

1.2.3.2 Plasma Loading. A charged particle in an RF cavity absorbs power

from the cavity. For the case of an HPRF cavity, the number of ionization electrons
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and positive ions produced by the beam is roughly given by Eq. 1.21. Because the

electrons come into thermal equilibrium with the surrounding plasma in ≈0.1 ns, they

are confined to the cavity and drift with the electric field. The amount of energy such

a charged particle absorbs is given by:

∫

P dt =

∫

q v E dt (1.26)

where P is power, q is the charge of the particle, v is its drift velocity in the plasma,

and E is the applied electric field. The drift velocity is a function of the particle’s

mobility, µ, and the electric field:

vdrift = µE (1.27)

The power loss in the HPRF cavity vs. time follows the drift velocity and

electric field. The drift velocity of electrons in hydrogen gas has been well documented

[46–52]. The mobility of electrons in hydrogen gas has also been well measured

[53–59]. Figure 1.21 shows the drift velocity of electrons in hydrogen gas at 293K vs.

E/P (X). The range of X in the HPRF beam test is 0.636− 11.6V/cm/mmHg. A

useful conversion is 1MV/m/psi = 193.4V/cm/mmHg.

The energy loss of a single electron, dw, can then be estimated taking the

limits of integration of Eq. 1.26 over an RF cycle:

dw =

∫ T/2

−T/2

P dt = 2 q

∫ T/2

0

vdriftE dt = 2 q

∫ T/2

0

µ (E sinω t)2 dt (1.28)

This also applies to the ions present in the cavity, meaning that an estimate

of the energy loss per ion can also be made. The mobilities of hydrogen clusters (H+

3 ,

H+

5 ) and O−

2 in hydrogen have been measured (Ref. [60–66] for hydrogen and [67] for

oxygen). The drift velocity of H+

3 and H+

5 vs. X and the mobility of H+

3 vs. P are

shown in Fig. 1.22. The mobilities of ions used in this work are given in Tab. 1.4 for

reference.
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Figure 1.21. Electron drift velocity in hydrogen gas vs. E/P [47]. The vertical lines
represent the range of X in the HPRF beam test.

Figure 1.22. Drift velocities for H+

3 and H+

5 in hydrogen (left) [66]. Mobility of H+

3 in
hydrogen (right) [65].
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Table 1.4. Ion mobilities in hydrogen.

Ion Reduced Mobility (cm
2

Vs
)

H+

3 11.2

H+

5 9.6

O−

2 11.4

1.2.4 Electron Kinetic Energy. The Einstein relation connects a particle’s

kinetic energy, mobility and diffusion rate in a gas:

D

µ
= kB T (1.29)

Measurements of the electron diffusion coefficient, D, and mobility, µ, can be used

to estimate the kinetic energy of an electron vs. X [68–71]. Figure 1.23 shows the

drift velocity and kinetic energy of an electron vs. E/N (N is the number density of

hydrogen) for gas temperatures of 77 and 300K. The data at 300K will be used to

estimate the kinetic energy of plasma electrons in the HPRF cavity later.

Figure 1.23. Electron drift velocity and kinetic energy in hydrogen vs. E/N [69].
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1.2.5 Recombination. If the HPRF cavity is filled with pure hydrogen, a plasma

containing e−, H+

3 , H
+

5 , and potentially larger clusters of hydrogen form once the beam

ionizes the hydrogen gas (and H+

2 are converted to H+

3 ). Electrons may recombine

with a positively charged ion. The recombination rate is given by the cross section,

σ, and electron drift velocity, v:

β = σ v (1.30)

Rate equations for electrons and hydrogen ions are:

dne

dt
= ṅe −

∑

m

βm ne nH+

m
(1.31)

dnH+

n

dt
= ṅH+

n
−
∑

m

βm ne nH+

m
(1.32)

where nα is the number density of particle α, ṅα is the production rate of particle

α, and βm is the recombination rate of electrons with H+

m. If we assume a hydrogen

ion is produced for every electron produced and there is no other means of removing

electrons or ions, then Eq. 1.32 reduces to:

dn

dt
= ṅ− β n2 (1.33)

The recombination rates for both H+

3 and H+

5 have been measured extensively

using a variety of methods (H+

3 [72–76], H+

5 [74–76]). It has been proposed that

vibrationally excited ions recombine more slowly than ground state ions [72], for which

there appears to be supporting evidence [74–76]. Figure 1.24 shows the recombination

rates of H+

3 and H+

5 vs. electron temperature [76] in an where an RF cavity was used

to heat the electrons while the gas temperature was kept constant. The desired species

of ion was generated by fixing the concentrations of hydrogen and neon gases in the

cavity. It can be seen that there is approximately an order of magnitude difference

in the recombination rates of H+

3 and H+

5 . For H+

3 there is almost a factor of two

difference between these measurements and those made in [75].
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Figure 1.24. Recombination rate vs. electron temperature for H+

3 (left) and H+

5

(right). The measurements were made at a gas temperature of 240K for H+

3

and 128K for H+

5 [76].

Figure 1.25 shows the results of a different technique [74]. Plotted is the ef-

fective recombination rate vs. hydrogen gas density. In that experiment, a plasma

containing electrons and a mixture of H+

3 and H+

5 is created by adding argon and

varying the hydrogen pressure and temperature to obtain the desired ratio of H+

3 to

H+

5 . The electrons are allowed to come into thermal equilibrium with the gas, whose

temperature is varied. The effective recombination rate is given by:

βeff = (β3 + β5R)
1

1 +R
, R =

nH+

5

nH+

3

(1.34)

Note that as the temperature of the electrons increases, the effective recombination

rate decreases. The plasma generated in our experiment will also contain a mixture of

H+

3 and H+

5 . However, the hydrogen gas densities in our experiment are many orders

of magnitude larger (∼5 − 25 × 1020 cm−3 compared to 6.5 × 1017 cm−3) than those

of Ref. [76].

1.2.6 Attachment. When hydrogen is doped with an electronegative gas, in our
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Figure 1.25. Effective recombination rate vs. hydrogen gas density at various gas
temperatures [74]. The empty data points were taken at 260K.

case oxygen, a three-body attachment process takes place in the plasma. A description

of the mechanism for attachment was first introduced by Bloch and Bradbury [77]

and involves a two step process in which the first step is similar to recombination:

e− +O2

kat−−⇀↽−−
t

O−∗

2 (1.35)

where O−∗

2 is an excited state of oxygen, kat is the attachment coefficient of O−∗

2

formation, and t is the lifetime of O−∗

2 before it decays into the initial particles. An

estimation of the collision frequency will give an idea of how frequently the excited

state reverts back to the original conditions. The collision frequency is given by:

ν = v σ n (1.36)

where v is the ion drift velocity, σ the cross section of oxygen, and n the gas number

density. Assuming the cross section is constant at around 7.3 × 10−16 cm2 (based

on the Van der Waals radius of oxygen, 150 pm), the collision rate ranges from 5.8
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to 29 × 1010 s−1. This gives an effective time between collisions of 3.5 − 17 ps. The

lifetime t has been calculated to be 0.1−1 ns, and so we will assume very few electrons

are lost after being captured by oxygen [78].

One of two things can take place at this point. Either the oxygen can be de-

excited by a collision with another gas molecule (M), or a collision with said molecule

can ionize the oxygen molecule:

O−∗

2 +M
kT−→ O−

2 +M
−→
kI

e− +O2 +M (1.37)

Here, kT is the attachment coefficient of de-excitation, and kI is the attachment coef-

ficient of ionization. The attachment coefficient for the three-body process (Eq. 1.35

and Eq. 1.37) depends on kat multiplied by the probability that O−∗

2 will de-excite:

keff =
kat kT

t−1 + (kT + kI)nM
(1.38)

where nM is the density of the third body. Figure 1.26 shows the potential energy

curve for O2 and O−

2 . The ground state energy of O−

2 is ≈0.43 eV lower than that of

O2. It is possible that O
−∗

2 will dissociate in a collision with another particle, but the

required energy is ≈4 eV. Only the tail of the energy distribution of electrons in the

cavity can approach this value (the maximum average kinetic energy is 1 eV for our

range of X , from Fig. 1.23), so dissociation is very unlikely.

The rate equation becomes:

dne

dt
= ṅe −

∑

βl ne nH+
l
−
∑

km ne nO2
nm (1.39)

where the sum over l is for each cluster of hydrogen, and the sum over m is for each

species of gas molecule. For almost all cases,
∑

βl nH+
l
≪
∑

km nO2
nm.

Unfortunately there are no measurements in the literature of the attachment

coefficient of electrons in a hydrogen-oxygen-nitrogen mixture, like we have for the
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Figure 1.26. Potential energy curves for O2 and O−

2 [79].

case of dry air-doped hydrogen. Most measurements have been made in pure oxygen

[78, 80–88], or in oxygen-nitrogen mixtures [78, 80–82, 84–86]. Only a few sources

report the attachment coefficient in an oxygen-hydrogen mixture [80, 89].

Figure 1.27 shows the attachment rate (kat) of electrons by oxygen in hydrogen

vs. hydrogen density. The slope of the fit to the data gives the attachment coefficient,

which is reported to be 4.8±0.3×10−31 cm6/s [89]. The attachment coefficient given

in [80] is 2.0 × 10−31 cm6/s. Unfortunately no data on the attachment coefficient as

functions of gas pressure or electron energy exist.

Figure 1.28 shows the attachment coefficients for oxygen and helium vs. aver-

age electron energy for different pressures.

Figure 1.29 shows the attachment coefficients and attachment rates for nitro-

gen vs. average electron energy. Note that as the nitrogen pressure increases, so does

the attachment rate.
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Figure 1.27. Attachment rate vs. hydrogen density [89]. The points are measure-
ments. The slope of the line fitted to the data gives the attachment coefficient.

Figure 1.28. Attachment coefficients for oxygen and helium vs. electron energy [81].
The oxygen data are taken at 300K at various pressures.
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Figure 1.29. Attachment coefficient (left) [81] and attachment rate (right) [86] of
nitrogen vs. average electron energy.

Figure 1.30 shows the attachment coefficient vs. oxygen concentration in he-

lium for various X at 300K and the attachment rate vs. oxygen partial pressure at

300 torr for various average electron energies. The slopes of the fits in the right plot

give the rates for oxygen as the third body, while the intercepts give the rates for

helium or nitrogen as the third body.

Kossyi gives equations for the attachment coefficients for oxygen and nitrogen

as functions of gas and electron temperature (in K) [82]:

kO2
= 1.4× 10−29

300

Te
e−

600
T e

700(Te−T )
Te T

[

cm6

s

]

(1.40)

kN2 = 1.07× 10−31

(

300

Te

)2

e−
70
T e

1500 (Te−T )
Te T

[

cm6

s

]

(1.41)

Table 1.5 shows selected three-body attachment coefficients for thermal elec-

trons in various third-body gases at 300K. Note that the numbers given are all for

total gas pressures much lower than those in the HPRF experiment. The relative rate
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Figure 1.30. Attachment coefficient (left) vs. oxygen concentration in helium at var-
ious values of X at 300K [81]. Attachment rate (right) vs. oxygen pressure in
nitrogen at 300 torr for various average electron energies [86]

of hydrogen as a third body is 2 − 3 times that of nitrogen, and 1/10 − 1/5 that of

oxygen.

Table 1.5. Various three-body attachment coefficient measurements of electrons to
oxygen in various gases at 300K.

Gas Attachment coefficient (10−31 cm6

s )

H2 2.0, 4.8

O2 20, 21.2, 25, 28

N2 1.0, 1.1, 1.6



37

1.2.7 Ion-Ion Recombination. Ions can recombine, or become neutral, through

two processes. The first is through binary collisions of the form [80]:

A− +B+ → A+B∗ (1.42)

where the energy released in the reaction goes into exciting molecule B. This process

dominates below 30 torr (0.58 psi) [80], and so we will ignore it. The dominant process

in our case is a three-body reaction similar to that of electron attachment:

A− +B+ +M → A+B +M (1.43)

For pressures above 1 atm (14.7 psi), recombination can be described by the Langevin

model [90]. In this regime, the drift velocity of the positive and negative ions with

respect to each other must be large enough to overcome the energy they lose through

collisions with neutral molecules. The ions drift in a Coulomb field with relative drift

velocity:

vdrift =
e

(4π ǫ0) r2
(µ+ + µ−) (1.44)

where µ is the mobility. The recombination rate is given by [90]:

kii = 4π r2 vdrift =
e

ǫ0
(µ+ + µ−) (1.45)

Note that this is not explicitly dependent on gas pressure. However, the mobility of

the ions is, and is believed to reach a peak around 1 atm, and then fall with increasing

pressure. Figure 1.31 shows a general curve of recombination rate vs. pressure. The

curve peaks at around 2× 10−6 cm3

s and then falls steadily with pressure. Using the

mobilities of H+

5 and O−

2 in Tab. 1.4 and Eq. 1.45, one gets a rate of 3.8× 10−5 cm3

s .

Unfortunately, no data on the ion-ion recombination rates of H+

5 or H+

3 with

O−

2 could be found. A variety of other ion rates are available, and are listed in

Tab. 1.6 [90–99].
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Figure 1.31. Ion-ion recombination rate vs. gas pressure.

Table 1.6. Ion-ion recombination rates.

Reaction Rate (10−6cm3

s ) Gas density, temperature,

or pressure

O−

2 +O+

4 +O2 → 4O2 4.2 2.7× 1019 cm−3

O−

2 +O+

4 +O2 → O6 +O2 2.2 2.7× 1019 cm−3

O−

2 +O+

4 +O2 → O6 +O2 0.3 5.4× 1020 cm−3

O−

2 +O+

2 → O2 +O∗

2 0.14 200K

O−

2 +O+

2 → O2 +O∗

2 0.0892 500K

NO−

2 +NO+ +H2 → 0.76 2× 1019 cm−3

F− +Kr+ + Ar → 0.2 80 atm

H− +H+ → 0.039 Thermal

O−

2 +N+

2 → 0.16 Thermal

H− +H+ → 0.40 300K
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1.2.8 Radio Frequency Cavity Operation. At the MuCool Test Area (MTA),

RF power is fed from a klystron into the HPRF cavity through a series of rectangular

and coaxial waveguides.

1.2.8.1 Waveguides. This section and the next closely follow Chapter 8 of

Ref. [100]. For the case of a cylindrical waveguide, a time dependence for the electro-

magnetic fields of the form e−iωt gives Maxwell’s equations in the form:

∇× E = i ωB ∇ · E = 0

∇×B = −i µ ǫ ωE ∇ ·B = 0

(1.46)

where the waveguide is filled with medium of permittivity ǫ and permeability µ. Both

E and B satisfy the wave equation:

(∇2 + µ ǫ ω2)

{

E

B

}

= 0 (1.47)

Assuming the z direction is along the axis of the cylinder, the fields can be separated

into:

E(x, y, z, t)

B(x, y, z, t)

}

=

{

E(x, y) e±i k z−i ω t

B(x, y) e±i k z−i ω t
(1.48)

The wave equation reduces to the two dimensional form:

[∇2

t + (µ ǫ ω2 − k2)]

{

E

B

}

= 0 (1.49)

where k is the wave number and ∇2
t is the transverse part of the Laplacian operator:

∇2

t = ∇2 − ∂2

∂z2
(1.50)

Separating the fields into their parallel and transverse components:

E = Ez + Et

Ez = Ez ẑ

Et = (ẑ×E)× ẑ

(1.51)
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Maxwell’s equations can be written in terms of longitudinal and transverse compo-

nents:

∂Et

∂z
+ i ω ẑ×Bt = ∇tEz ẑ · (∇t ×Et) = i ω Bz

∂Bt

∂z
+ i µ ǫ ω ẑ×Et = ∇tBz ẑ · (∇t ×Et) = −i µ ǫ ω Ez

∇t ·Et = −∂Ez

∂z
∇t ·Bt = −∂Bz

∂z

(1.52)

Solutions to Eq. 1.52 that have only field components in the transverse direction are

called transverse electromagnetic (TEM) waves. Setting Ez = 0 and Bz = 0, with

Et = ETEM , implies:

∇t × ETEM = 0

∇t · ETEM = 0

(1.53)

This means the axial wave number is the infinite medium value:

k = k0 = ω
√
µ ǫ (1.54)

The magnetic field is related to the electric by:

BTEM = ±√
µ ǫ ẑ×ETEM (1.55)

The boundary conditions for a perfectly conducting cylinder are:

Ez|S = 0 (1.56)

∂Bz

∂n

∣

∣

∣

∣

S

= 0 (1.57)

where ∂/∂n is the normal derivative at a point on the surface. The TEM mode

cannot exist inside a cylindrical conductor with infinite conductivity; the electric

field vanishes inside the surface. There are two distinct modes, defined by Bz = 0

everywhere, with the boundary condition Ez|S = 0 (called Transverse Magnetic (TM)

waves); and Ez = 0 everywhere (called Transverse Electric (TE) waves).
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For wave propagation inside a hollow waveguide of uniform cross section, the

transverse electric and magnetic fields are related by:

Ht =
±1

Z
ẑ× Et (1.58)

where the wave impedance, Z, is given by:

Z =















k
ǫω

= k
k0

√

µ
ǫ

(TM)

µω
k

= k0
k

√

µ
ǫ

(TE)

(1.59)

Making the substitution for TM(TE) waves, Ez(Hz) = ψ(x, y) e±i k z, one gets the

transverse fields as functions of the longitudinal fields:

Et = ± i k
γ2∇tψ TM Waves

Ht = ± i k
γ2∇tψ TE Waves

(1.60)

where:

γ2 = µ ǫ ω2 − k2 (1.61)

and ψ satisfies the two dimensional Laplacian equation (∇2
t+γ

2)ψ = 0 with boundary

conditions ψ|S = 0 or ∂ψ/∂n|S = 0 for TM or TE waves. This specifies an eigenvalue

problem with eigenvalues γ2λ and solutions ψλ for λ = 1, 2, 3, ... The solutions are

called the modes of the waveguide. The wave number for a given solution is:

k2λ = µ ǫ ω2 − γ2λ (1.62)

The cutoff frequency is defined as:

ωλ =
γλ√
µ ǫ

(1.63)

and the wavenumber can be rewritten:

kλ =
√
µ ǫ
√

ω2 − ω2
λ (1.64)
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When ω < ωλ, kλ is imaginary and these modes cannot propagate in the waveguide.

The modes of a rectangular waveguide filled with a material with permeability

µ and permittivity ǫ and inner dimensions a and b can be found. Consider the case

of the TE modes. The wave equation for ψ = Hz is:

(

∂2

∂x2
+

∂2

∂y2
+ γ2

)

ψ = 0 (1.65)

With boundary conditions ∂ψ/∂n = 0 at x = 0, a and y = 0, b, the solution is:

ψmn(x, y) = H0 cos
(π x

a

)

cos
(nπy

b

)

(1.66)

where:

γ2mn = π2

(

m2

a2
+
n2

b2

)

(1.67)

Here, γ has been replaced by integers m,n, which cannot both be zero for nontrivial

solutions. The cutoff frequency is:

ωmn =
π√
µ ǫ

(

m2

a2
+
n2

b2

)1/2

(1.68)

The lowest frequency TE mode for a > b has the cutoff frequency:

ω1,0 =
π√
µ ǫ a

(1.69)

The fields for this TE1,0 mode are:

Hz = H0 cos
(π x

a

)

ei k z−iωt

Hx = −i k a
π
H0 sin

(π x

a

)

ei k z−iωt

Ey = i
ω a µ

π
H0 sin

(π x

a

)

ei k z−iωt

(1.70)

For TM modes, Ez is:

Ez = E0 sin
(mπ x

a

)

sin
(nπ y

b

)

(1.71)

The lowest mode in Eq. 1.71 is m = n = 1.
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1.2.8.2 Resonant Cavities. Closing the ends of a cylindrical waveguide can

create standing waves. Assuming the walls have infinite conductivity and the cavity

is filled with a material with properties µ and ǫ, if the boundaries are at z = 0 and

z = d, then the boundary conditions are:

k = p
π

d
, p = 0, 1, 2, ... (1.72)

For TM fields:

Ez = ψ(x, y) cos
(p π z

d

)

Et = − p π

d γ2
sin
(p π z

d

)

∇tψ

Ht =
i ǫ ω

γ2
cos
(p π z

d

)

ẑ×∇tψ

(1.73)

and for TE fields:

Hz = ψ(x, y) sin
(p π z

d

)

Et = −i ω µ
γ2

sin
(p π z

d

)

ẑ×∇tψ

Ht =
p π

d γ2
cos
(p π z

d

)

∇tψ

(1.74)

where:

γ2 = µ ǫ ω2 −
(p π

d

)2

(1.75)

The eigenfrequency for a given value of p, determined by the eigenvalue γ2, is:

ω2

p =
1

µ ǫ

[

γ2 +
(p π

d

)2
]

(1.76)

For a cylindrical cavity with radius R, the TM mode for ψ = Ez with the boundary

condition Ez = 0 at ρ = R, has the solution:

ψ(ρ, φ) = E0 Jm(γmn ρ) e
±imφ (1.77)

where Jm are Bessel functions,

γmn =
xmn

R
(1.78)
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and xmn is the nth root of Jm(x). The resonant frequencies are given by:

ωmnp =
1√
µǫ

√

fracx2mnR
2 +

p2π2

d2
(1.79)

TM0,1,0 is the lowest mode and has a resonant frequency of:

ω010 =
2.405√
µ ǫR

(1.80)

The explicit expressions for the electric and magnetic fields are then:

Ez = E0 J0

(

2.405 ρ

R

)

e−i ω t

Hφ = −i
√

ǫ

µ
E0 J1

(

2.405 ρ

R

)

e−i ω t

(1.81)

The lowest TE mode is TE1,1,1 and has a resonant frequency:

ω111 =
1.841√
µ ǫR

(

1 + 2.912
R2

d2

)1/2

(1.82)

The longitudinal component of the magnetic field is:

Hz = H0 J1

(

1.841 ρ

R

)

cosφ sin
(π z

d

)

e−i ω t (1.83)

For d > 2.03R the resonant frequency ω111 is smaller than that of the lowest TM

mode, making the TE1,1,1 the lowest frequency mode of the cavity. Therefore the

ratio of d to R is important in determining the fundamental mode of the cavity.

The quality factor, Q of a cavity is:

Q = ω0

average energy stored

energy loss/second
(1.84)

The time rate of change of the stored energy in the cavity is:

dU

dt
= −ω0

Q
U (1.85)

whose solution is:

U(t) = U0e
−ω0 t/Q (1.86)
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The energy stored in a cavity with mode λ, p is:

U = d
4
ǫ

[

1 +
(

p π
γλ d

)2
]

∫

A
|ψ|2da TM modes

U = d
4
µ

(

1 +
(

p π
γλ d

)2
]

∫

A
|ψ|2da TE modes

(1.87)

where A is the cross sectional area. For the TM010 mode this is:

U =
ǫ0
2
E2

0

∫ d

0

∫

2π

0

∫ R

0

[

Jn

(

X01

d
r

)]2

r dr dθ dz (1.88)

=
ǫ0
2
E2

0 π R
2 d [J1(X01)]

2 (1.89)

The power loss can be calculated by:

Ploss =
1

2 σ δ

[
∮

C

dl

∫ d

0

dz |n×H|2sides + 2

∫

A

da |n×H|2ends
]

(1.90)

where δ is the skin depth (
√

2

ω µ σ
), and C is the circumference. For the TM010 mode

this is:

Ploss =
π R (R + d)

σ δ

(

E0

µ0 c

)2

[J1(X01)]
2 (1.91)

For a cavity with permeability of the walls µc, the Q of a cavity is given by:

Q =
µ

µc

d

δ

1

2
(

1 + ξλ
C d
4A

) (1.92)

where ξλ is a unitless number. This can be rewritten as:

Q =
µ

µc

(

V

S δ

)

× (Geometrical factor) (1.93)

where V is the volume of the cavity and S is the total surface area. For the TE1,1,1

mode the geometrical factor is:

(

1 +
d

R

)

(

1 + 0.343 d2

R2

)

(

1 + 0.209 d
R
+ 0.244 d3

R3

) (1.94)

For the TM010 mode:

Q =
Rd

δ (R + d)
(1.95)

As a cavity can be modeled as a parallel RLC circuit, the quality factor can also be

given as:

Q = ω0RC = ω0

L

R
(1.96)



46

CHAPTER 2

EXPERIMENT

2.1 MuCool Test Area

The MuCool Test Area (MTA) is an experimental facility located at the end

of Fermi National Accelerator Laboratory’s linear accelerator (Linac). Construction

of the experimental hall was completed during the fall of 2003. The MTA’s purpose

is to test experimental components for muon cooling [101]. At present the main focus

is on research and development of technology that would allow RF cavities to operate

in strong magnetic fields.

This task is being approached on a variety of paths. The experimental program

utilizing the MTA facility involves several test devices. One, the HPRF cavity, is the

topic of this thesis. Another is a vacuum pillbox cavity operated at 805MHz with

removable electrodes made of various materials [102]. A new cavity with removable

end plates is being fabricated to replace that one. Another 805MHz pillbox cavity

can be operated both under vacuum and high pressurize gas [103]. There is also a

201MHz vacuum pillbox cavity [28].

2.2 Beamline

The MTA beamline was completed during the Fall of 2008. The goal was to

provide a beam intensity (O(1013 protons/pulse)) approaching the bunch intensity for

a Muon Collider. As of Spring 2013 it is the only experimental facility at Fermilab to

take beam directly from the Linac. In addition to providing beam for muon cooling

R&D, a second mode of operation is possible, to provide measurements of transverse

emittance and momentum spread for the Linac. In the so-called emittance mode, the

Linac beam is sent to the MTA hall and stopped in a beam absorber upstream of the

experimental setup. The momentum spread of the beam when it exits the Linac is
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∆p/p = 0.005 [104]. The beam stop rotates in and out of the beamline, and so in

experimental mode the beam passes through the beam stop assembly, before passing

through a 50.8µm thick titanium window and into the experimental area.

The Fermilab Linac beam starts in the form of H− from a 25 keV ion source.

The H− are accelerated to 750 keV by a Cockroft Walton generator, after which they

enter a drift tube (Alvarez) Linac operating at 201.24MHz where they reach 116MeV.

From there they enter an 805MHz side coupled cavity Linac where they reach their

final kinetic energy of 401MeV [105]. This final section of the Linac has specifications

given in Tab. 2.1.
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Table 2.1. Fermilab 400MeV Linac specifications.

Parameter Value Units

Initial kinetic energy 116.54 MeV

Final kinetic energy 401.56 MeV

Length 64.3 m

RF frequency 805 MHz

Avg. beam current 50 mA

Beam pulse length <100 µs

Repetition rate 15 Hz

Accelerating phase -32 deg

Number of modules 7

Number of sections/module 4

Number of RF cells/section 16

Transverse focusing scheme FODO

Avg. transverse phase advance/cell 79 deg

Avg. axial field 7.07-8.04 MV/m

Max. surface field 37.1 MV/m

Cavity bore radius 1.5 cm

Quadrupole magnetic length 7.0 cm

Quadrupole poletip field 5.26 kG

Quadrupole bore radius 2.0 cm
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The Linac has the capability of sending the beam to four locations: the booster,

for use in various experiments; the MTA; the Neutron Therapy Facility, for cancer

treatment; or a beam dump. The transport line from the Linac to the MTA hall is

shown schematically in Fig. 2.1. The beam enters at the bottom right, where two

C-magnets steer the beam to the MTA transfer line and a chopper discards the head

and tail of the beam in order to get the desired quality and pulse length.

Figure 2.1. Linac hall engineering drawing. The beam comes from the Linac (bottom
right) and goes to the MTA hall (top left).

The first Linac toroid, beam position monitor (BPM) and multiwire detector

are placed shortly after the C-magnets. A series of dipole and quadrupole magnets

steer and focus the beam to the shield wall between the Linac and MTA experimental

hall. At this point there is a beamstop, to prevent the beam from entering the hall,

if desired. The hall is slightly elevated with respect to the Linac, so the beam enters
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the hall at an angle with respect to the floor.

Figure 2.2 depicts the beamline in the MTA hall. The beam enters the hall

from the right, after which it passes through a quadrupole triplet and two vertical

bending magnets providing the final focusing and steering. There are two Linac

toroids, three multiwire detectors (one at the end of the beampipe is not shown),

and two BPMs in the hall to provide instrumentation. After exiting the beampipe

vacuum window, the beam passes through ∼ 1m of air before entering the solenoid

magnet.

Figure 2.2. MTA hall engineering drawing.

When running in experimental mode, the MTA receives one beam pulse per

minute. The clock signal from the Linac C-magnets that indicates the magnets are

being energized is sent to the MTA controls for use as a trigger, to synchronize the

timing of the beam and instrumentation.

2.3 Experimental Setup

The experimental setup is shown in Fig. 2.3. The photo shows the view looking
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downstream along the beampipe toward the solenoid magnet from the approximate

location of the CCD camera. The engineering drawing shows the setup inside the

magnet. The beam enters from the right, hitting the scintillating screen. The beam

passes through the first collimator, made of stainless steel, is 15.24 cm in diameter and

10.16 cm long, and has a through hole 20.0mm in diameter. The first of two toroids is

mounted on the upstream face of the second collimator. The second collimator is also

made of stainless steel, is 15.24 cm in diameter and 20.32 cm long, and has a 4mm

through hole. The second toroid is mounted on the downstream face of the second

collimator. From here the beam passes through the HPRF cavity and is absorbed in

a beam absorber. The entire apparatus is mounted on rails that are secured in place

inside the bore of the magnet.

Figure 2.3. Looking downstream along the beampipe toward the experimental setup
(left). Engineering drawing of the experimental apparatus located inside the
solenoid magnet (right). The beam enters from the right. In the drawing, the
scintillating screen can be seen on the upstream face of the first collimator. The
upstream toroid is mounted on the upstream face of the second collimator (not
shown). The downstream toroid is mounted on the downstream face of the second
collimator (not shown). The HPRF cavity and beam absorber are also shown.

An array of instrumentation is employed while collecting data. A CCD camera

records a video of the beam striking a scintillating screen for use in beam tuning. Two

toroids measure the beam intensity before and after the final collimator. Electric and
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magnetic pickup probes measure the RF electric field inside the cavity. A photo-

multiplier tube (PMT) and silicon photomultiplier (SiPM) measure light produced in

the cavity, sent along an optical fiber. Finally, a series of directional couplers measure

the forward and reflected power to and from the cavity at various locations.

2.3.1 CCD Camera / Scintillating Screen. For purposes of beam tuning and

positioning, a PixelLINK USB CCD camera and Chromox-6 scintillation screen were

used [106]. The camera was positioned upstream of the experimental apparatus and

off of the beam axis, so as to have a clear view of the screen, which was mounted on

the upstream face of the first collimator. For each beam pulse, a video of the screen

was recorded so that the positioning of the beam relative to the hole in the collimator

could be estimated. Figure 2.4 shows the screen and a still image from a video of the

beam pulse hitting the screen.

Figure 2.4. Left: The scintillating screen was mounted on the upstream face of the
first collimator. Right: A still image from a video of the beam pulse hitting the
screen.

Because the screen is upstream of the collimators, it cannot be used to make

a direct measurement of the beam intensity incident on the cavity. Rather, from

knowing the alignment of the screen relative to the holes in the collimators and by
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fitting the intensity of scintillation light from the screen, the transmission through the

collimators could be estimated. To accomplish this, a still image of the screen before

beam passage was subtracted from the first frame of the screen being illuminated by

the beam. The CCD camera records video at 10 frames per second, and the first frame

was selected to minimize any effect of nonlinearity in the decay of the light from the

screen. The resulting background-subtracted image was fit with a Gaussian function

based on the intensity of light recorded. To minimize saturation of the camera, a

neutral density filter was used. Without magnetic field, the transmission measured

by the CCD/screen and toroids agree to within 5% [107]. A number of factors increase

the error on the beam intensity using this method: possible saturation of the CCD

camera, fitting of the image, and relying on the beam intensity measured several

meters upstream of the experimental apparatus.

2.3.2 Beam Intensity Measurement. Measurements of the beam intensity were

made at multiple locations along the beamline for each beam pulse received by the

experiment. Each measurement was made using a current transformer in the form of a

toroidal core with wire wrapped around it. The Linac group of Fermilab’s Accelerator

Division operated three toroids, one placed a small distance downstream of the C

magnet in the Linac hall, one immediately downstream of the final quadrapole triplet

in the MTA hall, and one a small distance downstream of the emittance beam stop in

the MTA hall. These locations are indicated in Figures 2.1 and 2.2, (labeled Toroid 1,

Toroid 2, and Toroid 3, respectively). Several toroids were built and calibrated for the

purpose of determining the final beam intensity at the entrance of the HPRF cavity.

One was placed between the first and second collimators of the MTA experimental

apparatus, the other immediately downstream of the second collimator (see upstream

toroid and downstream toroid in Figure 2.3).

Current transformers operate based on Faraday’s law of induction. For a wire
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wound around a magnetic core, the induced electromotive force in the wire is equal

to the time rate of change of the magnetic flux in the core multiplied by the number

of turns of the wire:

ε = −N dΦB

dt
(2.1)

The magnetic flux is given by:

ΦB =

∫

S

~B · d ~A (2.2)

If there are two wires wound around an ideal core (i.e. there is no flux leakage) then

the magnetic flux through both windings is the same and:

ε1 = −N1

dΦB

dt
(2.3)

ε2 = −N2

dΦB

dt
(2.4)

The two EMFs are related by the number of windings of each coil:

ε1
ε2

=
N1

N2

(2.5)

Ampère’s law states that a current produces a magnetic field according to:

∮

C

~B · d~l = µ0 I (2.6)

where µ0 is the permeability of free space. The current can thus be found by in-

tegrating the magnetic field around a closed loop. If a beam of charged particles

passes through a toroid, the induced magnetic field in the core produces a mag-

netic flux that is seen by the wire wrapped around it. The current induced in the

wire must be proportional to the beam current, and energy conservation implies

P1 = I1V1 = P2 = I2V2. Using Eq. 2.5:

I2 =
N1

N2

I1 (2.7)

The beam can be thought of as a current with a single turn, so the induced current

in the wire is equal to the beam current divided by the number of turns of the wire.
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The toroid assembly forms a series RL circuit and, based on Kirchhoff’s second law,

V = I R + L
dI

dt
(2.8)

where L is the inductance of the toroid core.

A total of four toroids were built during the course of data taking, two for

the first data run and two for the second data run. For each run the toroids were

placed just upstream of the HPRF cavity so that an accurate measurement of the

number of protons incident on the cavity could be made. All toroids were made using

manganese zinc ferrite cores manufactured by Fair-Rite Products Corp [108]. For Run

I, each toroid consisted of a single core wound with ten turns of plastic coated copper

wire connected to a BNC connector. For Run II, the upstream toroid consisted of a

single core wound with five turns of plastic coated copper wire connected to a BNC

connector. The downstream toroid consisted of three cores wound with five turns of

plastic coated copper wire connected with a BNC connector. The Run II toroids were

placed in an aluminum housing to provide shielding from stray particles and allow

easy mounting on the downstream collimator. The housing consisted of concentric

rings joined on the ends by a circular plate. A small gap between the inner ring and

one end plate was left so as to not completely insulate the toroids electromagnetically

(see Fig. 2.5).

A calibration of the two MTA toroids was performed and the inductance of

each measured. Because of the tight confines of the bore of the magnet in which

the experimental apparatus was placed, the measurements could not be performed

in situ. The calibration was performed by connecting a wire and resistor to make

the shielding a closed circuit, effectively creating a single turn primary winding. A

function generator was connected and a 100 kHz square wave (there was no suitable

function generator that could produce a 200MHz signal available) was sent through

the primary winding while the response of the toroid along with the function generator
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Figure 2.5. Housing for the upstream (right) and downstream (left) toroids. The
upstream housing has one end plate removed, showing the ferrite core inside. The
downstream one has a connector attached to the housing, making the housing a
closed circuit, allowing for a current to be run through the aluminum case.

signal was measured on an oscilloscope. The resistor could be changed in order to

vary the primary current. Fig. 2.6 shows the 8.72V function generator signal and the

downstream toroid response. A fit to the exponential decay of the toroid signal was

made in order to extract the inductance. The measured time constant was 4.15µs.

The scope was terminated in 50Ω, giving an inductance of 207.5µH. The measured

inductance of each toroid is listed in Table 2.2. A 500Ω resistor in series with the

function generator gave a primary current of 17.4mA. Using Eq. 2.7 to calculate

the expected current through the secondary winding of five turns, one would expect

a 174mV signal from the toroid. The measured signal was 179mV. This is a 3%

difference, which will contribute to the uncertainty in the beam current measurement

described later.
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Table 2.2. Toroid Inductance Measurements.

Run Toroid Inductance (µH)

1 Upstream 326.8

1 Downstream 331.5

2 Upstream 73.6

2 Downstream 207.5

0 2 4 6 8

-0.15

-0.10

-0.05
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Figure 2.6. Downstream toroid calibration data. Function generator signal divided
by 50 in red, toroid signal in blue.
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The three toroids maintained by the Linac group were all commercially pro-

duced by Pearson Electronics [109]. Fermilab’s Accelerator Division was responsible

for their calibration, which was performed in August 2011, before the second beam

run. These toroids were read out by Fermilab’s Accelerator Control Network (AC-

NET) [110]. These data were available on a pulse-by-pulse basis and were archived

for later retrieval. Their output was number of protons per beam pulse, and Fig. 2.7

shows the data from April 18, 2012.
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Figure 2.7. Linac toroid data from April 18, 2012. The axes are beam intensity versus
time. UTR01 is in green and is the most upstream toroid, UTR02 is in red, and
UTR03 is in yellow and is the most downstream toroid. The beam intensity is
roughly 2× 1012 protons per pulse.

The data from the Linac toroids combined with the MTA toroids and CCD

camera / scintillating screen were used extensively during beam tuning for purposes

of positioning and focusing the beam. The highest beam intensity was achieved by

centering the beam on the hole in the collimator and using the tightest focus. Unfor-

tunately it was not possible to defocus the beam as much as one would have liked,

and so smaller beam intensities were achieved through a combination of defocusing

the beam and moving it off the center of the collimator hole, thereby allowing only

the halo of the beam to reach the HPRF cavity.
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2.3.3 HPRF Cavity. The HPRF cavity was designed to be a test cell with

which to study RF breakdown. Copper electrodes were used to enhance the peak

electric field on-axis and localize the area of potential breakdown. As such, it had

a small stored energy. This made the effect of plasma loading easier to measure.

Figure 2.8 shows an engineering drawing of the cavity. All inlets and instrumentation

were located on the downstream face of the cavity. RF power was fed inductively

through the port in the top left of the diagram. Gas was filled and vented through a

port at the bottom left of the diagram. An electric and magnetic pickup feedthrough

and three optical feedthroughs are not shown in the diagram. The upstream face and

electrode were drilled to minimize the amount of material the beam had to interact

with before entering the cavity (the thickness of material for each was 3.175mm).

Figure 2.8. Engineering drawing of the HPRF cavity. The RF coupling port and gas
fill line are shown. Optical and probe ports are not shown, but are located on the
same face as the RF port.
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The cavity was made of copper coated stainless steel. As can be seen in Fig. 2.8,

there were three pieces, an upstream and downstream plate and a circular body, held

together by 24 bolts. The plates were 5.05 cm thick and the walls were 2.54 cm thick.

A pressure flange between each plate and the body sealed the cavity. The bolts allowed

safe operation up to 1520 psi gas pressure. Figure 2.9 (left) shows the downstream

plate of the cavity. The RF power input, electric and magnetic pickup probes, three

optical ports, and gas inlet are visible. The interior of the downstream plate is shown

(right). The electrode is visible here as well. Table 2.3 lists the parameters of the

cavity.

Figure 2.9. HPRF Cavity. Left: The exterior of the downstream plate. Starting at
the top with the coaxial RF power input and moving clockwise are: an optical port,
a pickup port, an optical port, a pickup port, an optical port, and the gas inlet
port. Right: The interior of the downstream plate. In addition to the ports, one
copper electrode is visible.
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Table 2.3. HPRF cavity parameters.

Parameter Value Units

Resonant frequency (filled w/ H2 gas) 801.3− 808.5 MHz (1520− 300 psi)

Inductance 26.08 nH

Stored energy at 1MV/m 3.98 mJ

Stored energy at 25MV/m 2.49 J

Unloaded Q 14, 200− 13, 900 (at 801− 808MHz)

Loaded Q 6, 900− 6, 400 (at 801− 808MHz)

R0 52.1− 56.7 Ω (at 801− 808MHz)

Cavity interior length 8.13 cm

Cavity interior diameter 22.86 cm

Electrode gap separation 1.77 cm

The electric field distribution in the cavity has been simulated using Super-

fish [111]. Figure 2.10 shows the longitudinal and radial components vs. z (the

longitudinal axis).

2.3.4 RF Power. RF power is fed to the HPRF cavity through a series of

rectangular and coaxial waveguides by a 4MW klystron. Klystrons are microwave

tubes that take a DC input and output a high power RF signal. Klystrons work by

taking a beam of electrons produced by an electron gun (a cathode and anode with a

beam modulating electrode in between) and sending it through a series of RF cavities.

The beam is bunched at the upstream end, while the amplified RF power is extracted

at the downstream end. Typical gains are ∼20 dB for two cavities and 80−90 dB for
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Figure 2.10. Electric field vs. z inside the HPRF cavity. Ez is on the left. The
colors correspond to different radii: Red = 0.0 cm, Green = 0.5 cm, Blue = 1.0 cm,
Purple = 1.5 cm and Brown = 2.0 cm. At r = 0mm the gap spacing is 1.77 cm.
The average Ez has been normalized to one. Er is plotted on the right.

four cavities [112]. The DC to RF power conversion is about 30− 50%.

A series of rectangular and coaxial waveguides carry the power to the cavity.

One of two devices was used to provide cleaner RF signals by minimizing reflections

of the RF wave. The first was a circulator. A circulator is a type of power divider (or

T-junction) with three ports. In general, the voltage amplitude of an incident wave

on port n, V +
n , is related to the voltage amplitude of the reflected wave by port n,

V −

n , by [112]:
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(2.9)

In this case, with three ports and a nonreciprocal matrix (Sij 6= Sji), the ports

being matched, the scattering matrix reduces to:







0 S12 S13

S21 0 S23

S31 S32 0






(2.10)

For the circulator to be lossless, the scattering matrix must be unitary, which implies
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either S12 = S23 = S31 = 0 or S21 = S32 = S13 = 0. This gives a scattering matrix of:







0 0 1

1 0 0

0 1 0






or







0 1 0

0 0 1

1 0 0






(2.11)

Therefore power flows in a circular fashion between the three ports (see Fig. 2.11).

Power is input in port 1 and the cavity is connected to port 2. A load is connected to

port 3 to dissipate any power sent back from the cavity. The load that was available for

the circulator allowed operation of the cavity up to a gradient of 30MV/m. Figure 2.12

shows the circulator installed in the MTA. The input is connected to the rectangular

waveguide, the output connected to the coaxial waveguide which is connected to the

cavity, and the third port contains the load (and a directional coupler). Note that

the presence of a magnetic field greatly reduces the performance of a circulator.

3

1

2

Figure 2.11. Circulator schematic.

In order to operate the cavity at a gradient > 30MV/m, a hybrid device was

used. A hybrid is very similar to a directional coupler (see Sec. 2.3.7). It was used

for isolation by attaching loads to the coupled and isolation ports. Figure 2.13 shows

the hybrid installed in the MTA hall.
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Figure 2.12. The circulator installed in the MTA hall. Port 1 is connected to the
rectangular waveguide, port 2 is connected to the coaxial waveguide going to the
cavity, and port 3 is connected to a load.

Figure 2.13. The hybrid installed in the MTA hall. Port 1 is connected to a rectan-
gular waveguide, port 2 is connected to the coaxial waveguide going to the cavity,
port 3 is connected to a load, and port 4 is also connected to a load.

2.3.5 Calibration. A Hewlett Packard 8753C network analyzer and Hewlett
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Packard 85047A S-Parameter Test Set were used to calibrated the electric and mag-

netic pickup probes. The entire system (cavity, cables, attenuators) was included

in the calibration. To accomplish this, the cavity was excited at frequencies ranging

from 801.72 to 808.46MHz and the response was measured with the network analyzer.

The average calibrations for the electric and magnetic pickups are 35.5MV/m/V and

55.47MV/m/V, respectively.

The signals from each instrument must pass along ∼ 100m of cable from

the MTA hall to the MTA controls, located in the Linac gallery. To minimize sig-

nal loss, 1/4-inch and 1/2-inch heliax cable, which has low attenuation (0.154 and

0.0840 dB/m, respectively) was used. The step response of the cable vs. time is given

by [113]:

f(t) = 1− erf

(

bl√
2t

)

(2.12)

where erf is the error function and bl = 1.45×10−6× the total attenuation of the cable.

Figure 2.14 shows the cable response function vs. time. The attenuation of each cable

was measured, and is listed in Tab. 2.4. Table 2.5 shows the cable assignments.
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Figure 2.14. Cable response function vs. time. It takes nearly 200 ns to reach 95% of
the total signal.

The relative timing between signals is also very important, as data were

recorded at 50 ps timing bins. To measure the time delay between cables, the system
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Table 2.4. Signal cable attenuation.

Cable Designation Attenuation (dB)

S1-01-L -30.35

S1-02-L -29.25

S2-07-S -19.015

S2-08-S -18.848

shown in Fig. 2.15 was used. A picosecond laser diode system (PiLas) sent an optical

signal through an optical port in the HPRF cavity, where, after traveling through an

optical fiber, it was seen by a PMT and sent to a digital oscilloscope. At the same

time a signal was sent through another cable and recorded on the same oscilloscope.

Each cable was measured, using the PMT signal as reference, thereby measuring the

relative delays. The delays are given in Tab. 2.6.

Figure 2.15. Schematic for the cable timing calibration.

2.3.6 PMTs and SiPMs. Photomultiplier tubes work on the principle of the

photoelectric effect and electron multiplication [114]. When a photon strikes the
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Table 2.5. Signal cable assignment.

Cable Designation Instrument

S1-01-L Electric Pickup

S1-02-L Magnetic Pickup

S1-01-S Forward Power Cavity DC

S1-02-S Reflected Power Cavity DC

S2-07-S Upstream Toroid

S2-08-S Downstream Toroid

S2-10-S SiPM

S2-14-S PMT

surface of a metal with a small work function (photocathode), an electron may be

emitted (the photoelectric effect). If a potential difference is applied between the

photocathode and another terminal (the dynode), the electron will accelerate toward

the dynode and produce more electrons when it strikes it. If this process is repeated

a number of times, an avalanche of secondary electrons can be produced. The result

is a current proportional to the intensity of light incident on the detector.

Silicon photomultipliers are also used to measure the intensity of light, but

use avalanche photodiodes (which also rely on the photoelectric effect, but not in a

vacuum) on a substrate of silicon to count single photons [115]. SiPMs are advanta-

geous to compared PMTs in that the gain is linear with supply voltage, as opposed

to a power law, the supply voltage is much lower, and the time jitter is much smaller.

A great deal of light is produced in the cavity by the beam, from de-exciting
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Table 2.6. Signal cable delay.

Cable Delay Delay (ns)

Magnetic pickup - Downstream toroid 48.07 ± 0.41

Magnetic pickup - Upstream toroid 54.75 ± 0.30

Magnetic pickup - Electric pickup 3.27 ± 0.35

hydrogen, recombining electrons and ions, etc. Two of the three optical ports in the

cavity were used. A long optical fiber was employed to carry the light signal from

the experimental apparatus further downstream in the hall to where the PMT and

SiPM could operate outside of any magnetic field, be shielded from beam-induced

radiation, and satisfy the 15 foot minimum distance requirement around the cavity

due to hydrogen safety requirements.
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2.3.7 Directional Couplers.

There were a number of directional couplers (DC) at various places along the

waveguide between the klystron and RF cavity. They served the purpose of measuring

the power flowing into and out of the cavity. Figure 2.16 shows a diagram of a typical

directional coupler.

Coupled

2

43

1Input

Isolated

Through

Figure 2.16. Schematic of a directional coupler.

Directional couplers have four term scattering matrices, similiar to that of

a circulator. In Fig. 2.16, power is supplied to port 1 (input) and coupled to port 4

(”coupled”) with a coupling factor |S13|2 = β2 [112]. The remainder of the power goes

to port 2 (”through”), with coefficient |S12|2 = α2 = 1 − β2. For an ideal coupler,

no power flows through port 3 (”isolated”). There are three values typically used to

describe a DC: the coupling, C, which indicates the fraction of input power that goes

to the output port; the isolation, I, which indicates how well the coupler isolates the

forward and reflected waves; and the directivity, D, which is similar to the isolation,

but with respect to the through port.

I = 10 log
P1

P3

= −20 log β dB (2.13)

C = 10 log
P1

P4

= −20 log |S14| dB (2.14)

D = 10 log
P3

P4

= 20 log
β

|S14|
dB (2.15)

Figure 2.17 shows the directional coupler closest to the cavity, used to measure the

forward and reflected power during the experiment. One can see that the isolated

port is terminated while the signal cable is connected to the coupled port.
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Figure 2.17. Directional coupler (circled, top left) closest to the HPRF cavity. The
circulator and load are also visible in the bottom right.

2.3.8 Gas Handling System. Because of our requirements for working with

pressurized gas and for hydrogen gas, a system to safely pressurize the cavity was

implemented. To allow pressurizing and depressurizing the cavity without having

to enter the MTA hall, a gas shed was built outside of the experimental enclosure.

Figure 2.18 shows the layout of the gas shed. Gas bottles were hooked up to the

gas handling system and stored there. Because hydrogen gas was stored there, every

piece of equipment in the gas shed had to be explosion proof.

Figure 2.19 shows a diagram of the gas handling system. The cavity was filled

and vented using two valves (TCFV and TCVV in Fig. 2.19, respectively) on a gas

manifold that contained a pressure gauge calibrated to 3000 psi (TCGP). In addition

to the vent line, there was a pressure relief line with a regulating valve calibrated to

open at 1600 psi (TCRV).

The cavity was pressure tested to 1760 psi, with the maximum operating pres-

sure limited to 1520 psi. Because hydrogen was used, no energized equipment could
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Figure 2.18. Layout of the gas shed [116]. The fill and vent valves (red) located on
the gas manifold were used to pressurize and depressurize the cavity.

Figure 2.19. Schematic of the gas handling system [116]. There were 14 manual valves
or regulators (labeled with a “V” at the end of the name) and five pressure gauges
(labeled with a “P” at the end of the name). The residual gas analyzer (RGA)
was not present in the experiment.
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be placed within 15 ft of the cavity in the hall, or brought into the gas shed. The

procedure for pressurizing the cavity was as follows. First, the cavity was purged

with ∼140 psi helium three times to remove any reactive gases from the cavity. If the

run used pure hydrogen, the cavity was purged with ∼ 140 psi hydrogen five times,

to ensure hydrogen purity for the experiment. Research grade hydrogen was used

(99.999% purity). If the run used dry air-doped hydrogen, a different procedure was

used: first, the cavity was purged with ∼ 140 psi dry air three times to remove the

helium. Then the cavity was filled with the desired partial pressure of dry air. Finally,

the cavity was filled with hydrogen to reach the desired total pressure. At the end of

the run, all gas was vented from the cavity, and the cavity was purged three times

with ∼ 140 psi helium gas to remove any residual hydrogen. The cavity was left at

atmospheric pressure.

2.4 Run Conditions

Data were collected during two beam runs, the first from July 12 to August

8, 2011, and the second from April 13 to May 8, 2012. During this time a variety of

gas species, gas pressures, electric fields, and beam intensities were investigated.

2.4.1 Run I. The primary purposes of Run I were to investigate the physics

of the plasma formed in the cavity by the passage of beam through hydrogen and

to study the effect of doping hydrogen with an electronegative gas. For this run

hydrogen, nitrogen, hydrogen doped with nitrogen, and hydrogen doped with sulfur

hexafluoride at pressures of 500, 800 and 950 psi were used. Safety requirements for

the bolts used to assemble the cavity limited the pressure to 950 psi. The HPRF

cavity was operated at 10, 20 and 30MV/m. The primary RF pulse length was 40µs,

with longer pulses of 80µs occasionally recorded. The primary beam pulse length was

7.5µs, with longer pulses of 35.5µs occasionally recorded. Three beam intensities,

ranging from ≈ 4×1010 to 1.5×1012 protons/pulse (at 7.5µs) incident on the HPRF
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cavity were used. The range of bunch intensities was ≈ 2.7×107 to 109 protons/bunch

(at 7.5µs). See Appendix A for a complete list of run conditions for Run I.

The data were recorded on a combination of three oscilloscopes, nicknamed

“Electron,” “Muon,” and “Tau.” The manufacturer of each was Tektronix and the

model numbers were TDS-694C, DPO-7104 and TDS-5104, respectively. The scope

with the best timing resolution was Muon, at 200 ps/point, and that was used to

record the magnetic pickup, downstream toroid, spectrometer, and PMT signals. The

forward and reflected RF power from the two directional couplers, one near the cavity

and one near the circulator load, were recorded on the Electron scope. Tau was set

up to record the magnetic pickup signal, sent through an RF envelope detector, with

a 66ms delay with respect to the other two scopes. This allowed the next RF pulse

(at a 15Hz repetition rate) after the beam traversed the cavity to be recorded. Each

scope was triggered with the timing signal from the Linac C-magnet that indicated

beam was being sent to the MTA. When Muon and Electron received a trigger signal

they recorded each trace of the scope to a comma-separated-values (csv) file along

with a screenshot of the traces. When Tau received a trigger it would do the same

after the set delay time. A video of the scintillating screen was also recorded, using

a CCD camera.

2.4.2 Run II. The primary purposes of Run II were to expand the data set taken

during Run I with improved instrumentation and data logging. Improvements in in-

strumentation included the shielding from particle collisions and new cores for the

MTA toroids (during Run I there was no aluminum housing), a Silicon Photomulti-

plier (SiPM), and a repaired electric pickup probe. Data logging was controlled by a

PC running LabVIEW, which received the same trigger signal as in Run I and then

triggered each oscilloscope simultaneously [117]. The LabVIEW program was also

used to tune the cavity to the resonant frequency and desired gradient. The cavity
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itself was outfitted with new bolts that allowed safe operation up to a pressure of

1520 psi. Additionally, some data were collected with the MTA magnet turned on.

For Run II, data were collected using the gases and pressures listed in Tab. 2.7.

Various concentrations of dopants were used. The cavity was operated at 5, 10, 18,

20, 25, 30, 40, and 50MV/m with a 40µs RF pulse length. The beam pulse length

varied between 7.5 and 9.5µs. Four distinct beam intensities were attempted, however

due to the inability to stabilize the intensity at the lowest setting for any length of

time, the majority of data were taken at three beam intensities. Unfortunately the

highest beam intensity achieved during Run I was not reproducible. However it was

possible to go lower in beam intensity, and so the intensity range was ≈ 1010 to

4 × 1011 protons/pulse incident on the HPRF cavity. The range in bunch intensity

was ≈ 5.3×106 to 2.1×108 protons/bunch (at 9.5µs). See Appendix B for a complete

list of run conditions for Run II.

The upper flammability limit of oxygen gas in hydrogen gas is about 5%. Two

steps were taken to ensure that this limit was not exceeded. First, pure oxygen was

never mixed directly with hydrogen. As shown in Tab. 2.7, dry air (DA) was used in

the place of oxygen. Dry air is approximately 80% nitrogen and 20% oxygen. Second,

the ratio of dry air to hydrogen was kept such that the safe allowable limit for oxygen

was never approached.

A new LeCroy Waverunner 625Zi oscilloscope was purchased for Run II. It was

capable of recording four channels of data at 50 ps/pt and was used as the primary

scope. The electric and magnetic pickup, downstream toroid, and SiPM signals were

recorded on the LeCroy scope. Two of the channels on Muon were not trustworthy

and so it was used to record only the upstream toroid and PMT signals as it had

the next best timing resolution. The Electron and Tau scopes could not interface

with LabVIEW and so were used sparingly to record directional coupler signals. The
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Table 2.7. Gas Species and Pressures for Run II.

Gas Pressure (psi)

hydrogen 300, 500, 800, 950, 1100, 1140, 1300, 1470, 1520

deuterium 500, 800, 1140

helium 1470

nitrogen 500, 700

dry air 800

hydrogen + dry air 300, 735, 800, 1100, 1385, 1450, 1470

hydrogen + sulfur hexafluoride 300, 1100, 1450, 1470

hydrogen + nitrogen 1100

deuterium + dry air 300, 800, 1100, 1470

helium + dry air 1470

nitrogen + dry air 700

scintillating screen-CCD camera system was also used to record the profile of each

beam pulse. The hope was that this would be a precise enough system to allow

for a beam intensity measurement when the magnet was energized and therefore the

toroids did not work. Unfortunately the error in the measurement was too large to

measure the beam intensity with the desired (∼10%) precision (see Ref. [106]).
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CHAPTER 3

RESULTS

The experimental setup at the MTA does not allow one to measure the per-

formance of an HPRF cavity under real muon cooling-channel conditions; the gas

pressure and plasma density are both too small. What one is forced to do then is

use the results obtained in these beam tests to extrapolate to the conditions in a

real cooling-channel and estimate the performance based on the physics that can be

ascertained.

The main question one must answer is, how much plasma loading can be

expected when 5 ns spaced bunches of 1012 muons pass through a cavity with up to

180 atm of hydrogen gas? This can be broken up into three separate measurements:

how many charged particles are produced, how much energy each absorbs over an RF

cycle, and how long they exist inside the cavity. The number of electron-ion pairs

produced is given by Eq. 1.21, where all that is needed is an accurate measurement of

the gas density and beam current. The amount of energy an electron or ion absorbs

can be modeled by Eq. 1.28, and measured by taking the power absorbed by the

plasma and dividing by the number of particle-cycles. Finally, the lifetime of an

electron or ion can be calculated through the previous energy loss calculation and the

measured power deposited in the plasma as a function of time.

Unless otherwise stated, all analysis was done using Mathematica [118]. Ap-

proximately 2500 beam pulses were recorded using hydrogen and dry air-doped hy-

drogen during the course of the experiment. Signals from the two RF pickups, down-

stream toroid, and SiPM were sampled every 50 ps for 50µs, (for a total of 106 points).

The signals from the upstream toroid, PMT, and directional couplers were recorded

at 200 ps/pt.
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3.1 Energy Loss

A reduced data set was produced consisting of: RF amplitude envelope and

its derivative, beam current, integrated beam current, power fed to the gas by the

klystron, power fed to the gas by the cavity, total power fed to the gas, and energy

loss. The reduced data were produced having been averaged over 10.05 ns. This was

done mainly to reduce noise, but also to reduce the data volume.

To obtain the amplitude envelope from the raw RF signal, the data was fit

with a function of the form E(t) = c0 + c1 cos(ω t) + c2 sin(ω t). The average (center)

time of the segment was then recorded along with the amplitude,
√

c21 + c22 and the

offset, c0.

Figure 3.1 shows a typical plot of the amplitude of the electric field in the cavity

vs. time. The plot begins once the electric field amplitude has reached its flat top. At

1µs the beam turns on, and the electric field drops to a minimum (“equilibrium”) at

5µs. The beam turns off at 9µs, at which time the electric field in the cavity begins

to rise again. The RF power input is turned off at 26µs, and the electric field in the

cavity decays.

The equivalent circuit for a beam and plasma loaded cavity is shown in Fig. 3.2.

The generator (in our case a klystron) sends RF power down a matched transmission

line, where it is inductively coupled to the cavity. The cavity acts as an RLC circuit

with shunt impedance, Rc. The gas is a source of energy loss and therefore acts as

resistive component. The momentum spread is 0.005 at the end of the Linac and

the bunch length of the beam becomes larger during the roughly 45m without RF

to the experimental apparatus. The beam arrives at a random phase with respect to

the RF wave, and the cavity is driven at a frequency that is not a harmonic of the

Linac frequency, and so the beam loading is negligible (as much energy is given to
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Figure 3.1. A typical RF envelope. The amplitude of the RF electric field is plotted
vs. time.

the cavity as taken).

Figure 3.2. The equivalent circuit of a plasma and beam loaded cavity.

The power being delivered to the gas is given by:

P =
(V0 − V ) V

Rc
− C V

dV

dt
(3.1)

where V0 is the flat top voltage and V is the voltage at time t. The voltage is found

by using the average electric field across the accelerating gap. The first term is the

power provided by the klystron, and the second term is the power provided by the

cavity (coming from its stored energy).
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The capacitance of the cavity has been simulated using SuperFish [119]. With

1 atm hydrogen in the cavity and 1MV/m average electric field across the accelerating

gap, the calculated resonant frequency is 810.03MHz and stored energy is 0.2338mJ.

This corresponds to a capacitance of 1.48 pF and an inductance of 26.08 nH. The

capacitance (and therefore frequency) will change with gas pressure, while the in-

ductance will not. We will use the calculated inductance of the cavity to find the

capacitance as a function of the measured resonant frequency.

To find the resistance of the cavity, the exponential decay of the RF envelope

was fit, and the resistance calculated based on the time constant and the capacitance,

E(t) = E0 e
−t/τ , τ = RC. This measurement was made on RF pulses without beam

so as to obtain the unloaded resistance. Figure 3.3 shows a typical fit to the decay of

the cavity gradient once RF power is turned off. The resistance for each combination

of gas pressure and species and electric field was measured in this way. A table of the

fitted time constants is given in App.C.
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Figure 3.3. A typical cavity gradient decay fit. The envelope of the gradient is in red
and the fit to the decay is in black.

The time derivative of the RF envelope, along with the RF envelope and
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calculated resistance and capacitance were used with Eq. 3.1 to produce the reduced

data for gas, klystron, and cavity power as a function of time. These data were

also averaged over 10.05 ns. It is important to note that the calibration of the pickup

probe represents the peak electric field at the tip of the electrodes, with a distribution

shown in Fig. 2.10. Because the plasma occupies a volume inside the cavity, it sees

an electric field distribution. The average field on axis is Eavg = 0.826Epeak and this

will be used in the power calculation. The assumption is also made that the plasma

does not distort the field distribution in the cavity.

The beam current is found using Eq. 2.8. First, a section of the toroid signal

before the beam turns on is fit and any offset is subtracted from the signal. Then the

current as a function of time is calculated from:

I(t) =
N

R

(

V (t) +
R

L
∆t

t
∑

t=0

V (t)

)

(3.2)

where N = 5 turns, R = 50Ω, ∆t = 50 ps (the sampling rate was 20 gigasamples/s),

and L is the total inductance of the toroid system. The beam current is then corrected

for the cable attenuation as given by Eq. 2.12 and averaged over 10.05 ns. The running

total number of protons incident on the cavity as a function of time within the RF

pulse is given by:

Np(t) =
∆t

e

t
∑

t=0

I(t) (3.3)

where e is the charge of a proton. This results in plots such as Fig. 3.4. In order to

correlate the beam intensity with the corresponding power at a given time, the time

at which the beam turned on is important. To find this, the first 60−70 ns of Fig. 3.4,

after a minimum intensity (2 × 107 protons) is reached, is fit with a linear function

and extrapolated back to Np = 0. This is defined as t0 for this beam pulse. The

number of protons is then averaged over 10.05 ns. In order to use the correct relative

timing, the measured cable delays (see Tab. 2.6) in addition to the 1.4 ns time of flight

between the downstream toroid and the cavity are used for the appropriate signals.
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Figure 3.4. A typical beam intensity plot. The integrated number of protons incident
on the cavity vs. time is shown. The total intensity of this pulse was ≈ 2 ×
1010 protons.

To calculate the number of electron-ion pairs produced per incident proton,

Eq. 1.21 is used. For the case of hydrogen, dE
dx

= 6.33 MeVcm2

g , Wi = 35.3 eV, and

the density ranges from 1.71 to 8.67 × 10−3 g
cm3 (for 300 − 1520 psi). Because hy-

drogen is not an ideal gas, a correction to the density is made based on the Van der

Waals equation, which for our data set corresponds to ρV dW = 0.986 − 0.928 ρideal

(for 300 − 1520 psi) [119]. The 0.5% momentum spread of the beam implies a

0.25% change in dE
dx
, which was ignored. The length of the accelerating gap is

1.77 cm. Ionization electrons can also ionize hydrogen. This has been simulated

using G4beamline [120], and increases the number of electrons to 1.184 times that

made by the proton beam itself [111]. Finally, electron-ion pairs are produced at a

rate of about 630− 3000 pairs/proton.

As is the case with all measurements of the physics within the cavity, we can

only measure the effect of the ensemble, and cannot distinguish between electron and

ion. What we can do is measure the total energy loss in a given time, and normalize it

by the number of pairs and length of time they have existed, or number of pair-cycles

over that time. This will be the measurement of energy loss that we can compare to
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Eq. 1.28.

dwmeas(t) =
t
∑

t=t0

Pgas(t)

Npairs(t) f
(3.4)

Figures 3.5 through 3.7 illustrate the method by which dw is calculated. The shaded

areas of Fig. 3.6 and 3.7 are summed over time using Eq. 3.4 to calculate dw. Figure 3.5

is used to produce Fig. 3.6.

Figure 3.5. Example of the electric field used for a dw calculation. The shaded area
represents the time over which the calculation is made.

The total energy absorbed by the plasma will be found by integrating the gas

power (Eq. 3.1) over a given time. However, the number of charged particles in the

cavity is changing with time (because each beam bunch produces new particles, and

others are eventually lost to recombination or attachment). Once recombination be-

gins Npairs (Eq. 1.21) is no longer an accurate measurement of the number of charged

particles that have contributed to the energy loss. So for pure hydrogen we must

confine ourselves to the very earliest part of the beam, during which time recombina-

tion is minimal. When hydrogen is doped with dry air, Npairs becomes the number

of hydrogen ions and either electrons or oxygen ions. The resulting dw measurement

represents the sum of contributions from those three.
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Figure 3.6. Example of the power used for a dw calculation. The shaded area repre-
sents the time to be summed over.

Figure 3.7. Example of the integrated number of protons used for a dw calculation.
The shaded area represents the time to be summed over.
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A simulation of the plasma distribution within the cavity has been performed,

and will be described later. For now, we assume the plasma is confined to a cylinder

with the diameter of the downstream collimator’s through-hole (4mm) and length

equal to that of the accelerating gap (1.77 cm). This gives a volume of 0.222 cm3. The

lowest plasma density will be that of the smallest beam intensity and gas pressure

(about 2 × 1010 protons/pulse and 300 psi). For a beam 7.5µs in length with 5 ns

bunch spacing, this corresponds to 1500 bunches/pulse, or ≈1.3×107 protons/bunch,

or 8.4×109 pairs/bunch. If we consider the first 100 ns of the beam (20 bunches), that’s

1.7×1011 pairs, or 7.6×1011
pairs
cm3 . We have seen in Sec. 1.2.5 that the recombination

rate can be as high as ∼ 10−6 cm3

s . Assuming this recombination rate, we get 7.6 ×

105 pairs/s, or a characteristic time of 1.3µs, much longer than our measurement

window. For the other extreme case of high beam intensity and gas pressure (4 ×

1011 protons/pulse and 1520 psi), consider the first five bunches (25 ns). Assuming

the same recombination rate, this gives a characteristic time of 55 ns, again longer

than our measurement window. So the higher in beam intensity and gas pressure we

go, the shorter the amount of time we have in which to measure the energy loss.

To stay away from noise in the power or beam measurements associated with

the beam turning on, measurements of the energy loss were made when the voltage in

the cavity fell to 96% of its flat top value after the beam turned on. For higher beam

intensities, this occurred earlier than for lower beam intensities. Figure 3.8 shows the

beam intensities for all hydrogen data. Figure 3.9 shows the length of time it took for

the voltage to fall to 96% vs. pressure. This plot indicates that our measurements

are of the energy loss before recombination begins.

This procedure produced a dw at the corresponding value of X at which the

electric field is 96% of its initial value for every beam pulse. From this point we

corrected for variations in beam intensity and X and then averaged the data over sets
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Figure 3.8. Beam intensities (in order of ascending magnitude) for all hydrogen data.
The horizontal lines separate beam intensity settings, corresponding to full, ≈1/5
and 1/10− 1/20.
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Figure 3.9. The length of time it took for the voltage to fall to 96% of the flat top
value vs. gas pressure for pure hydrogen. Three beam intensities are shown, full
(black), 1/5 (blue), and 1/10− 1/20 (red).
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Figure 3.10. Example dw vs. beam intensity fit at 300 psi.

of electric field and pressure. There was no overall beam intensity dependence for dw,

however at a given electric field and pressure, dw may have increased or decreased

slightly (typically no more than 10% over the full range of beam intensities) with

increasing beam intensity. For each combination of E and P settings, a linear fit was

made for dw vs. beam intensity. The results of the fits for all of the 300 psi data are

show in Fig. 3.10 as an example. Using the fits for each E and P , the value of each

dw was extrapolated to the average of the highest beam intensity range for that set

of data.

A similar procedure is used to correct for variations in the electric field. The

set of all (X , dw) at a given pressure is fit with a function of the form dw(X) = c1X
c2.

The result for the 300 psi data set is shown in Fig. 3.11. The fit is used to shift all

data points for a given electric field to the average value of X for those measurements.

This is done for each set of E and P , and the corresponding values of dw are then

averaged. This results in an average data set in which groups of measurements at

all beam intensities and similar electric fields have the corresponding values of dw

shifted to a central beam intensity and X .
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Figure 3.11. Example dw vs. X fit for dw at 300 psi.

We will use the drift velocity of electrons in hydrogen gas at 300K from

Fig. 1.21 along with Eq. 1.28 as our model for predicting the energy loss in the HPRF

cavity. The plasma distribution in the cavity has been simulated [111]. Due to the

plasma and electric field distributions in the cavity, the energy loss we measure cannot

be directly compared to that obtained from the drift velocity from [47] and Eq. 1.28.

Rather, dwmeas = 0.66 dwe = 0.58 dwI, where the subscript e stands for electrons and

I for ions, which is found by integrating the electric field distribution over the volume

of the cavity.

Figures 3.12 and 3.13 show our data over the range of hydrogen pressures

measured, with a dashed line that is a fit to the data, and a solid line that is the

prediction of our model. Figure 3.14 shows the entire data set in one plot.

One can see that for low pressure the model fits the data very well. The

data also match the prediction better at large X . For small X and high pressure,

the measured energy loss is lower than predicted (at 1520 psi and 5MV/m, it is

73% of the predicted value). The pressure range over which the drift velocity of

electrons in hydrogen used to make the prediction was measured is less than 10 psi [47].
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(d). 950 psi

Figure 3.12. dw for 300 − 950 psi hydrogen. The dashed lines are fits to the data,
solid lines are predictions based on our model.
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(c). 1470 psi
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Figure 3.13. dw for 1100 − 1520 psi hydrogen. The dashed lines are fits to the data,
solid lines are predictions based on our model.
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Figure 3.14. dw for all pressures of hydrogen: 300 psi (red), 500 psi (orange), 800 psi
(green), 950 psi (blue), 1100 psi (purple), 1300 psi (brown), 1470 psi (cyan), and
1520 psi (black). The solid lines are the model predictions.
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There have been a number of measurements [54,55,121] indicating that the mobility

(and hence drift velocity) of electrons decreases greatly with increasing gas pressure.

Unfortunately the majority of these measurements have been made when the electrons

are in thermal equilibrium with the surrounding gas. Figure 3.15 shows the mobility

of electrons in hydrogen vs. density. These data were taken at 77.6K.

Figure 3.15. Electron mobility in hydrogen vs. density, taken at 77.6K [54].

At 77.6K, our range of densities would be ≈ 1.3 − 6.7 × 1020 cm−3. Over

this range in Fig. 3.15 the mobility drops by almost a factor of 10. The data taken at

room temperature indicate variations in the drift velocity up to 30% [121]. Figure 3.16

shows the reciprocal of the normalized drift velocity (to the lowest pressure) vs. gas

pressure (up to ≈600 psi). It is apparent that the mobility of electrons in hydrogen

gets smaller for larger pressure and smaller X , as indicated by our results as well.
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Figure 3.16. The reciprocal of the normalized drift velocity of electrons in hydrogen
vs. pressure [55]. Data was taken at room temperature [121].

There have been several theories put forth to explain this effect [55]. The

possibility of dimer formation (H2+2H2 → (H2)2+H2) changing the mean free path

of an electron has been rejected because the electron energy is too high to form a

bound state. However, if an electron is captured by a hydrogen molecule while drifting

(going into a rotationally excited state of H−

2 ), then released, the effective mobility

would decrease because H−

2 has a much lower mobility than e−. The frequency with

which an electron is captured and released would increase with increasing pressure.

This seems a reasonable explanation. It is worth noting that the energy loss seems

to saturate at high pressure. For a 6D Muon Collider cooling-channel using HPRF

cavities with pressures up to 2650 psi (180 atm), this is a beneficial effect.

A fit of dw vs. X was done for each pressure. Table 3.1 shows the results.

With the addition of a dopant gas, this method of calculating the energy loss

of electrons and ions no longer holds because the electrons get captured by electroneg-

ative molecules. However there are no additional sources of charge in the cavity, and
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Table 3.1. Fits of dw for pure hydrogen of the form dw = c1X
c2.

Pressure (psi) c1 c2

300 8.106× 10−15 1.685

500 1.060× 10−14 1.611

800 1.649× 10−14 1.603

950 2.089× 10−14 1.643

1100 2.268× 10−14 1.635

1300 3.155× 10−14 1.678

1470 3.628× 10−14 1.687

1520 4.346× 10−14 1.714

the number of positively charged particles is always equal to the number of nega-

tively charged particles, and so an energy loss estimate can be made when hydrogen

is doped with dry air. This will now contain the energy loss due to any remaining

electrons, plus that of H+

n and O−

2 . For the most part only the ions will contribute, as

oxygen will have captured the majority (if not all) of the electrons. As long as ion-ion

recombination has not had enough time to neutralize the plasma, measurements of

the ion energy loss can be made.

When dry air is added to the cavity, two additional corrections to the num-

ber of electron-ion pairs produced must be made. Both corrections are made based

on a weighted sum. First, the effective dE/dx increases with increasing DA con-

centration (for hydrogen; dE
dx

= 6.33 MeVcm2

g , ρ = 8.376 × 10−5 g
cm3 ; for DA;

dE
dx

= 2.687 MeVcm2

g , ρ = 1.205× 10−3 g
cm3 ). Figure 3.17 shows the correction factor

applied based on DA concentration. Second, the effective energy required to ionize
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a molecule decreases slightly (for hydrogen; Wi = 36.2 eV; for DA; Wi = 31.7 eV).

Figure 3.18 shows this correction vs. DA concentration.

æ æ

æ

æ

æ

0.1 0.2 0.5 1.0 2.0 5.0 10.0
1.0

1.1

1.2

1.3

1.4

1.5

% Concentration DA

d
E
�

d
x

C
o

rr
ec

ti
o

n
F

ac
to

r

Figure 3.17. Correction to dE/dx with dry air dopant.
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Figure 3.18. Correction to ionization energy with dry air dopant.

Figures 3.19 through 3.25 show the measured energy loss in the cavity. Each

plot is for a given pressure and shows various DA concentrations. The lines are the

model prediction for the energy loss based on two extremes: only electrons contribute

(assuming none are not captured); and only ions (H+

5 and O−

2 ) contribute (assuming

all of the electrons are captured.
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Figure 3.19. dw for 300 psi hydrogen doped with dry air. The colors correspond to
varying concentrations: 0.04% (red), 0.2% (orange), 1% (green), and 5% (blue).
The brown line is the model prediction for electrons and the black line is the model
prediction for H+

5 and O−

2 .
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Figure 3.20. dw for 735 psi hydrogen doped with dry air. Data points (magenta)
correspond to 10% DA concentration. The brown line is the model prediction for
electrons and the black line is the model prediction for H+

5 and O−

2 .
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Figure 3.21. dw for 800 psi hydrogen doped with dry air. The colors correspond to
varying concentrations: 0.04% (red), 0.2% (orange), and 1% (green). The brown
line is the model prediction for electrons and the black line is the model prediction
for H+

5 and O−

2 .
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Figure 3.22. dw for 1100 psi hydrogen doped with dry air. The colors correspond to
varying concentrations: 0.04% (red), 0.2% (orange), 1% (green), 5% (blue), and
6.78% (purple). The brown line is the model prediction for electrons and the black
line is the model prediction for H+

5 and O−

2 .
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Figure 3.23. dw for 1385 psi hydrogen doped with dry air. The data points (magenta)
correspond to 0.022% DA concentration. The brown line is the model prediction
for electrons and the black line is the model prediction for H+

5 and O−

2 .
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Figure 3.24. dw for 1450 psi hydrogen doped with dry air. The colors correspond to
varying concentrations: 0.04% (red), 0.2% (orange), 5% (green). The brown line
is the model prediction for electrons and the black line is the model prediction for
H+

5 and O−

2 .
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Figure 3.25. dw for 1470 psi hydrogen doped with dry air. The colors correspond
to varying concentrations: 0.001% (red), 0.002% (orange), 0.01% (green), 0.025%
(blue), 0.05% (purple), 0.2% (gray), and 1% (magenta). The brown line is the
model prediction for electrons and the black line is the model prediction for H+

5

and O−

2 .

It can be seen that at 300 psi, the energy loss falls somewhere between those

for pure electrons and pure ions, with increasing DA concentration decreasing the

energy loss. This would indicate that there are residual electrons in the cavity. For

the case of 1470 psi, only very small DA concentrations (0.001% and 0.002%) leave

residual electrons in the cavity. Once the concentration reaches 0.025%, the energy

loss appears to be coming entirely from ions. Note that in many of the plots the

energy loss measured is less than that predicted. A constant mobility was used for

the H+

5 and O−

2 predictions. As we have seen, the mobility, and therefore energy loss,

decreases with increasing pressure.

Fits of dw for DA doped hydrogen are given in Tab. 3.2.
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Table 3.2. Fits of dw for DA doped hydrogen of the form dw = c1X
c2.

Pressure (psi) Concentration (%) c1 c2

300 0.04 6.884× 10−15 1.705

300 0.2 3.207× 10−14 2.286

300 1 2.176× 10−14 2.516

300 5 4.294× 10−15 2.407

735 10 1.027× 10−15 2.044

800 0.04 2.584× 10−14 2.390

800 0.2 1.113× 10−14 2.333

800 1 6.568× 10−15 2.302

1100 0.04 2.043× 10−14 2.436

1100 0.2 9.629× 10−15 2.369

1100 1 2.820× 10−15 2.084

1100 5 3.503× 10−15 2.206

1100 6.78 3.009× 10−15 2.190

1385 0.022 1.990× 10−14 2.310

1450 0.04 1.502× 10−14 2.207

1450 0.2 7.334× 10−15 2.177

1450 5 4.930× 10−15 2.257

1470 0.001 8.014× 10−14 2.109

1470 0.002 1.033× 10−13 2.284

1470 0.2 7.493× 10−15 2.2612

1470 1 4.298× 10−15 2.140
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3.1.1 Energy Loss Uncertainties. The vertical error bars in Fig. 3.12 - 3.14

are statistical and are <5%. There are three main sources of systematic errors. The

first comes from the measurement of the gas pressure, which was performed using

an analog gauge. Each time the cavity was pressurized, sufficient time elapsed so

as to allow the system pressure to reach an equilibrium. Assuming the gauge was

calibrated to a few psi, and the operator pressurized the cavity to within a few psi

of the desired pressure, this represents at most a few percent error. This would be

reflected (scale linearly) in the calculation of both X and the number of electron-ion

pairs produced.

The second comes from the power measurement. This relies on the pickup sig-

nal from the cavity. The magnetic pickup probe was used for calculations. Figure 3.26

shows the difference in results obtained from the electric and magnetic pickups. The

electric probe data are within 10% of the magnetic probe data. Finally, during the

initial drop in voltage in the cavity, the second term of Eq. 3.1 (C V dV
dt
) is comparable

to the first, and so the capacitance of the cavity (C = 1/(Lω2)) plays a significant

role. The cavity was tuned to within a few kHz of the resonant frequency at all times.

In addition, the frequency was stable for each setting so the capacitance remained

the same. The inductance was calculated using Superfish, and is accurate to a few

percent. The error in the power measurement is dominated by the accuracy of the

pickup probes, < 10%.

The third source of systematic error comes from the beam intensity measure-

ment. As mentioned previously, it was not possible to make an in-situ calibration due

to the experimental setup. The beam current is calculated from a resistive and in-

ductive term. Any additional resistance or inductance in the system is introduced by

the signal cables. The cable attenuation contributes, but has been corrected for [113].

The toroid calibration introduces 3% uncertainty into the beam current measurement.
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Figure 3.26. Hydrogen 300 psi data dw comparison between the electric (orange) and
magnetic (red) pickup probes.

The cable attenuation and inductance accounts for 5% uncertainty. Noise in the sig-

nal at the beginning of the beam (which effects the calcuted time at which the beam

turns on) can contribute 2%. The total uncertainty is then on the order of 10%.

There is also the digitizing error in the scope, which is on the order of 0.15%,

and is present in every measurement. Table 3.3 summarizes the various sources of

error. Figure 3.27 shows the data with the statistical error (as in Fig. 3.14) with

±15% systematic error added linearly.



102

æ

æ

æ

ç

ç

ç

ç

à

à

à

à

á

á

á

á

á

á

ì

ì

ì

ì

ì

ì

í

í

í

í

ò

ò

ò

ò

ò

ò

ô

ô

ô

ô

0.002 0.005 0.010 0.020 0.050
1 ´ 10- 18

2 ´ 10- 18

5 ´ 10- 18

1 ´ 10- 17

2 ´ 10- 17

5 ´ 10- 17

1 ´ 10- 16

2 ´ 10- 16

X HMV�m � psi L

d
w
H

J�
cy

cl
e
�

p
ai

rL

æ

æ

æ

ç

ç

ç

ç

à

à

à

à

á

á

á

á

á

á

ì

ì

ì

ì

ì

ì

í

í

í

í

ò

ò

ò

ò

ò

ò

ô

ô

ô

ô

1 ´ 10- 18

2 ´ 10- 18

5 ´ 10- 18

1 ´ 10- 17

2 ´ 10- 17

5 ´ 10- 17

1 ´ 10- 16

2 ´ 10- 16
1.0 10.05.02.0 3.01.5 7.0

d
w
H

J�
cy

cl
e
�

p
ai

rL

X H V� cm �m m Hg L

Figure 3.27. Energy loss for pure hydrogen including systematic errors. Colors corre-
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Table 3.3. Errors on dw.

Source Affects Estimate (%)

Gas pressure Calculation of X 0.1− 1

Npairs 0.1− 1

Pickup probe calibration Power 10

Cavity capacitance Power 3

Toroid calibration Beam current 3

Cable attenuation Beam current 5



104

3.2 Recombination

In pure hydrogen, the recombination rate has been measured. As we have no

way of distinguishing H+

3 from H+

5 , what we measure is the effective recombination

rate, β, and from Eq. 1.33:

ne = nH+

3
+ nH+

5
= nH = n (3.5)

dn

dt
= ṅ− β3 ne nH+

3
− β5 ne nH+

5
(3.6)

dn

dt
= ṅ− β n2 (3.7)

β =
β3 nH+

3
+ β5 nH+

5

nH+

3
+ nH+

5

(3.8)

where βm is the recombination rate for H+

m. If nH+

5
≫ nH+

3
then the effective re-

combination rate is essentially that of H+

5 . When the system is in equilibrium (the

power being fed into the gas is equal to the power being absorbed), the voltage is at

a minimum, dne/dt = 0 and

ṅ = β n2 (3.9)

β =
ṅ

n2
(3.10)

To calculate β, the production rate and number density of electron-ion pairs must

be measured. The number of electron-ion pairs produced can be found as shown in

Sec. 3.1.

At this point it is important to note that we have no way of directly measuring

the number density of electrons or ions in the cavity. What we can do is measure

the total number, and then simulate the distribution of electrons and ions, using

G4beamline, to get an effective volume that the plasma occupies. Figure 3.28 shows

a simulation of the beam passing through the cavity.

The number density can be given in terms of a distribution function, ρ:

n(r, z) = n0 ρ(r, z) (3.11)
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Figure 3.28. A simulation of the beam (red, and electrons in green) traversing the
HPRF cavity (blue). The beam enters from the right, traveling through air. The
two collimators are shown in gray. The electrodes (yellow) and counterbore in the
upstream face of the cavity (white) are also shown.

where n0 is the total number of particles and
∫

ρ(r, z) dV = 1. It is assumed that the

density functions of electrons and ions are the same and that β is constant throughout

the volume (this isn’t entirely true, but is acceptable as a first approximation). To

calculate β at equilibrium, one uses Eq. 3.10 along with the plasma distribution:

n =

√

ṅ

β
(3.12)

n0 ρ(r, z) =

√

ṅ0 ρ(r, z)

β
(3.13)

∫

n0 ρ(r, z) dV =

∫

√

ṅ0 ρ(r, z)

β
dV (3.14)

n0 =

√

ṅ0

β

∫

√

ρ(r, z) dV (3.15)

β =
ṅ0

n2
0

(∫

√

ρ(r, z) dV

)2

(3.16)

Based on the simulation, (
∫
√

ρ(r, z) dV )2 = 0.526 cm3. Using the length of the

gap between electrodes (1.77 cm), this corresponds to an effective plasma radius of

3.08mm, approximately one and a half times the radius of the through-hole in the
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downstream collimator.

The number of electron-ion pairs present at equilibrium can be calculated from

the power fed to the gas (averaged over 200 ns) and the measured energy loss at the

equilibrium voltage:

n0 =
Pg

dw f
(3.17)

Figure 3.29 shows the recombination rates for all pressures of pure hydro-

gen vs. the equilibrium X . There appears to be a difference between high

(> 1010 protons/pulse) and low beam intensity data.

There appears to be a small dependence on pressure. It can be seen that

β decreases with increasing X . The recombination rates are consistent with those

presented in Sec. 1.2.5 for H+

5 . It should be pointed out that, especially for the high

beam intensity and low pressure data, the electric fields at which the measurements

were made could be very small (in some cases < 1MV/m), therefore the signal to

noise ratio is much higher.

Table 3.4 shows the fits to the equilibrium recombination rate data.
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Figure 3.29. Recombination rates measured at equilibrium for pure hydrogen at dif-
ferent pressures: 300 psi (red), 500 psi (orange), 800 psi (green), 950 psi (blue),
1100 psi(purple), 1300 psi (brown), 1470 psi (cyan), and 1520 psi (black).
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Table 3.4. Fits of β for pure hydrogen of the form β = c1X
−c2.

Pressure (psi) Beam intensity c1 c2

300 High 4.083× 10−8 1.193

300 Low 2.710× 10−7 0.389

500 High 6.752× 10−7 0.866

500 Low 1.6534× 10−6 0.827

800 High 2.670× 10−7 1.649

800 Low 1.307× 10−6 0.426

950 High 5.890× 10−7 1.225

950 Low 1.919× 10−6 0.437

1100 High 1.544× 10−6 0.612

1100 Low 3.219× 10−6 0.391

1300 High 6.066× 10−6 1.289

1300 Low 4.916× 10−6 1.167

1470 High 2.990× 10−6 0.949

1520 High 1.382× 10−6 0.919

1520 Low 3.157× 10−6 0.247
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Measurements of the recombination rate were also made using a different

method. A recursion formula was applied to Eq. 1.33, with half-period time steps

for the duration of the beam. The total number of electrons and ions (Ne and NH)

at each step were calculated using:

Ne(s+ 1) = Ne(s) + Ṅ(t(s)) δt− β(V (t(s)))Ne(s)NH(s) δt

NH(s+ 1) = NH(s) + Ṅ(t(s)) δt− β(V (t(s)))Ne(s)NH(s) δt

t(s+ 1) = t(s) + 1

2 f

t(1) = t0, Ne(1) = 0, NH(1) = 0

(3.18)

where δt is half an RF period, Ṅ is the derivative of the number of protons given

in Fig. 3.4, and V is the voltage in the cavity. Using the number of electrons and

ions vs. time and the measured energy loss (Tab. 3.1) vs. voltage (and therefore

time), the gas power was estimated (Pg = dw n f). Fits to the β vs. X curves at a

given pressure were used as a starting point, and modified until the resulting power

from the recursion formula matched that measured. Each set of electric field, gas

pressure, and beam intensity contained data from ≈8 beam pulses. Cuts were made

based on electric field and beam intensity (falling within 10% of the average), and

the remaining data points were averaged and then fed into the recursion formula.

Figure 3.30 shows the results of the recursion formula.

Notice that for high pressure, recombination begins much sooner than for

low pressure, and more electrons recombine. The power dumped into the gas is

greater at higher pressure as well. As with the equilibrium method calculation, this

produces rates in units of s−1. The same plasma volume that was used to calculate

the equilibrium recombination rates was used here as well. The plasma distribution

varies in time, due to diffusion, but we will assume it is constant (as will be seen in

Sec. 3.2.1 the diffusion is very small). As this produces β vs. V , we will select β’s
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Figure 3.30. Results of the recursion formula for pure hydrogen. The plots on the
left are the number of particles in the cavity vs. time, and on the right are the gas
power vs. time.
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that correspond the the initial voltage in the cavity.

When the recombination rates based on the equilibrium measurements and

recursion formula method are combined, Fig. 3.31 is the result. The equilibrium

measurements are those with (statistical) error bars, the recursion calculations are

the diamond points, and the dashed line is a prediction based on data from [76]. Our

X was used with the data in Fig. 1.23 to determine the kinetic energy of the electrons,

which was then converted to a temperature and used with the data from Fig. 1.24 for

H+

5 to produce the dashed line in Fig. 3.31.
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(a). Low beam intensity recombination rates.
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(b). High beam intesensity recombination rates.

Figure 3.31. Recombination rates for pure hydrogen using the equilibrium (points
with error bars) and recursion (diamond points) data. All gas pressures are rep-
resented: 300 psi (red), 500 psi (orange), 800 psi (green), 950 psi (blue), 1100 psi
(purple), 1300 psi (brown), 1470 psi (cyan), and 1520 psi (black). The dashed line
is a prediction based on the data from [76].
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Notice that the data from the recursion formula have less spread with respect to

pressure than those from the equilibrium data. This is most likely because (especially

for high beam intensities) the electric field at which the measurements were being

taken was very low (in some cases < 1MV/m). As all of the data fall very near the

recombination rate predicted for H+

5 (as can be seen in Fig. 1.24, that of H+

3 is about

10 times smaller), it is safe to assume that H+

5 dominates the recombination inside

the cavity.

3.2.1 Recombination Uncertainties. The error in the equilibrium method

for calculating β comes from the beam intensity measurement, the particle number

calculation, and the effective plasma volume that was obtained via simulation. The

beam intensity error is the same as described in Sec. 3.1.1. To calculate the number of

electron-ion pairs made, the gas power and energy loss from Sec. 3.1 are used, and so

any error in the energy loss is carried over. At equilibrium, the klystron is providing

almost all of the power to the gas (dV/dt ≈ 0), and so the resistance of the cavity

contributes. This comes from the capacitance (see Sec. 3.1.1) and the time constant

from the fit to the cavity voltage decay. These are fairly consistent, although the

resistance of the cavity varied over the range ≈ 1 − 2.5MΩ over the duration of the

experiment. The error from the effective plasma volume comes from knowing the

distribution of electrons and ions compared to the distribution of the electric field in

the cavity. If there is a longer tail of electrons distributed out near the edges of the

cavity, this will change the effective electric field the plasma sees. Combined, these

represent an error (< 50%) much smaller than the statistical error.

The error in the recursion method comes from fitting the calculated power to

the measured power, and the simulated plasma distribution. The distribution evolves

over time through ambipolar diffusion. Briefly, two oppositely charged particles ex-

perience an attraction due to Coulomb’s law. In our case, these are electrons and
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hydrogen ions. When the electron moves away from the ion, it feels a force retarding

its motion. Therefore it moves more slowly than it would otherwise. The larger the

charge it sees, the more slowly it moves. Because of this, the plasma diffuses with

roughly the mobility of the ions. So using the Einstein relation, D = µ kB T
e

, and with

our electron energy range of kB T = 0.133− 1.33 eV, and using µ = 9.6 cm2

Vs , the rate

of diffusion is 1.28− 12.6× 10−6 cm2

µs , meaning the distribution changes only slightly

with time (the volume of the cavity is approximately 3000 cm3).

The error involved in fitting the power curves is highly pressure and beam

intensity dependent. This can partially be seen in Fig. 3.30, in which the the time

that recombination begins goes from ≈ 1µs at 300 psi to < 0.5µs at 1470 psi. This

difference is even greater at low beam intensities. What this means is that for the

300 psi case, the value of β that is fed into the recursion formula does not change the

shape of the resulting power curve for the first microsecond. After this time, the value

of β will change the shape of the tail of the power curve. As the pressure increases and

recombination begins earlier, more control over the initial shape of the power curve

is gained by varying β. Because of this, large changes in β have little effect on fitting

the majority of the curves at 300 psi and low beam intensity, but a much greater effect

at 1520 psi and high beam intensity. Additionally, in some cases the calculated power

curve would not match the measured curve over the entire beam pulse, i.e., too much

power might be calculated while the cavity is dumping its energy into the gas, while

too little power is calculated in the equilibrium region, indicating either the energy

loss or functional form of β inputs were inaccurate. Table 3.5 summarizes the errors

on β.

Because of the large errors associated with this measurement, an order of

magnitude estimation of the recombination rate seems appropriate. The data clearly

suggest that the effective β that we measure is mostly due to H+

5 , on the order of
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Table 3.5. Errors on β.

Source Affects Estimate (%)

dw Calculation of n 20

Capacitance Cavity resistance 3

Decay time constant Cavity resistance 3

Plasma volume simulation β 20

Diffusion Plasma volume 0.1

Gas pressure Time recombination begins 20

10−6 cm3

s , and decreases with increasing X . A small beam intensity effect (roughly

a factor of two over a factor of 10 in beam intensity) is observed. However, as will

be seen in the next section, the effect of recombination is small compared to that

of attachment when an electronegative gas is added to the cavity, and therefore not

significant when considering the use of an HPRF cavity in a muon cooling-channel.

3.3 Attachment

For dry air-doped hydrogen there are three unique rate equations, one for each

of e−, H+

5 (assuming all of the positive ions are H+

5 ), and O−

2 :

dne

dt
= ṅ− β ne nH+

5
− ne

τ
(3.19)

dnH+

5

dt
= ṅ− β ne nH+

5
− η nH+

5
nO−

2
(3.20)

dnO−

2

dt
=

ne

τ
− η nH+

5
nO−

2
(3.21)

where τ is the average lifetime of an electron before it gets attached to O2, and η is

the ion-ion recombination rate. The last term in the electron rate equation defines τ
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as an effective lifetime and can be written as:

ne

τ
=

∑

m

km ne nO2
nm (3.22)

τ =
1

∑

m km nO2
nm

(3.23)

where for our case, particle m is one of H2, O2, or N2. Because the concentration of

dry air is so low, the dominant term is always that of hydrogen. Assuming attachment

coefficients from Tab. 1.5, the closest the oxygen or nitrogen terms come to that of

hydrogen is at 300 psi and 5% DA: kH2
nH2

= 9.54 × 10−11 cm3

s , kO2
nO2

= 1.26 ×

10−11 cm3

s , and kN2 nN2 = 0.321× 10−11 cm3

s , and so oxygen contributes at most 13%

of the total attachment rate. Figure 3.32 shows the predicted lifetimes of τ vs. DA

concentration for four total pressures based on these numbers.
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Figure 3.32. Prediction of τ based on Tab. 1.5 vs. DA concentration. Four pressures
are plotted: 300 psi (red), 800 psi (orange), 1100 psi (green), and 1470 psi (blue).

A direct measurement of the attachment time or coefficient cannot be made.

What can be done is to model the time evolution of the number of charged particles

in the cavity with a recursion formula similar to that in Sec. 3.2 and use it to estimate
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the attachment time:

Ne(s+ 1) = Ne(s) + Ṅ(t(s)) δt− β(V (t(s)))Ne(s)NH+

5
(s) δt (3.24)

− Ne(s)

τ(V (t(s)))
δt

NH+

5
(s+ 1) = NH+

5
(s) + Ṅ(t(s)) δt− β(V (t(s)))Ne(s)NH+

5
(s) δt (3.25)

−η(V (t(s)))NH+

5
(s)NO−

2
(s) δt

NO−

2
(s+ 1) = NO−

2
(s) +

Ne(s)

τ(V (t(s)))
δt− η(V (t(s)))NH+

5
(s)NO−

2
(s) δt(3.26)

t(s + 1) = t(s) +
1

2 f
(3.27)

t(1) = t0, Ne(1) = 0, NH+

5
(1) = 0, NO−

2
(1) = 0 (3.28)

where one can see that the electron attachment time as a function of voltage τ(V (t))

and the ion-ion recombination rate as a function of voltage η(V (t)) have been added

due to the presence of oxygen. Here, functions dependent on voltage for τ (τ(V ) =

a1 V
a2) and η (η(V ) = b1 V

b2) are fed into the recursion formula, where a1, a2, b1,

and b2 are used as the fitting parameters. The measured energy loss of electron-

hydrogen pairs in addition to the mobilities for H+

5 and O−

2 given in Tab. 1.4 are used

to calculate the power loss in the cavity. The value of τ is used to fit the beginning

of the power curve, where the majority of power consumption comes from electrons,

and the value of η is used to fit the end of the power curve, where the majority of

power consumption comes from ions. Because this method relies on dw and β as

inputs, only pressures for which pure hydrogen data were recorded (300, 800, 1100

and 1470 psi) could be analyzed.

Figures 3.33 and 3.34 show two extremes, the power fits for 300 psi and 1470 psi.

The plots on the left are the unaveraged data, which much be used to fit the beginning

of the power curves, as averaging (over time) smooths out the start of the beam. The

plots on the right are the data averaged over 90 ns, which can be seen to benefit fitting

the end of the power curves (where the power isn’t changing much and the fitting
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isn’t hurt by averaging).
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(c). End of the unaveraged power curve.
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(d). End of the averaged power curve.

Figure 3.33. Fitted power curves for 300 psi hydrogen doped with 0.04% dry air
(18MV/m, full beam intensity). The measured power is in red, the total calculated
power is in black, the contribution from electrons is in blue, and the contribution
from ions is in brown. The plots show fits to the beginning (top) and end (bot-
tom) of unaveraged (left) and averaged (right) data, where the average is taken
over 90 ns time bins.
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the power curve.

0.6 0.7 0.8 0.9 1.0
0

5000

10 000

15 000

20 000

Time H Μs L

P
ow

er
H

W
L

(b). Fit to the averaged beginning of the
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(c). Fit to the unaveraged end of the
power curve.
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(d). Fit to the averaged end of the power
curve.

Figure 3.34. Fitted power curves for 1470 psi hydrogen doped with 1% dry air
(20MV/m, full beam intensity). The measured power is in red, the total calculated
power is in black, the contribution from electrons is in blue, and the contribution
from ions is in brown. The left plots show the unaveraged data, and the right plots
show the data averaged over 90 ns time bins.
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As can be seen in Fig. 3.33, for 300 psi, at the start of the beam all of the

energy loss comes from electrons, while at the end of the beam pulse the ions begin

to contribute. For 1470 psi in Fig. 3.34, the electrons only contribute a small amount

to the energy loss at the start of the beam, while at the end the energy loss is entirely

from ions. Figure 3.35 shows the results of the resursion formula for 300 and 1470 psi.

The plots on the left show the number of particles in the cavity over the entire beam

pulse, and the plots on the right show the averaged power over the entire beam pulse.
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(b). Averaged power for 300 psi.
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Figure 3.35. Results of the recursion formula for dry air-doped hydrogen. The plots
on the top are 300 psi and the bottom are 1470 psi. The plots on the left are
the number of particles in the cavity (e− - blue, H+

5 - purple, O−

2 - green, and
total produced - red) vs. time. The plots on the right are the averaged power vs.
time. The measured power is in red, the total calculated power is in black, the
contribution from electrons is in blue, and the contribution from ions is in brown.
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If one compares Fig. 3.30a with Fig. 3.35a and Fig. 3.30c with Fig. 3.35c, the

number of electrons in the cavity is significantly reduced when hydrogen is doped

with dry air. The fitting method described here gives as a result τ and η as functions

of V , so the initial voltage in the cavity was selected with the corresponding value of

τ or η to be plotted in the following figures in order to cover a wider range of X .

The resulting values of τ vs. DA concentration and O2 number density are

shown in Figs. 3.36 and 3.37. The data from [89] (Fig. 1.27) on oxygen doped hydrogen

was used to predict the attachment time at 1.88% concentration (the value used in

that experiment); the intersection of the horizontal and vertical lines on the plots

is that point. The dashed line is the prediction based on Eq. 3.23 and the rate

coefficients from Tab. 1.5 (kH2
= 4.8× 10−31 cm6

s , kO2
= 2.5× 10−30 cm6

s , and kN2 =

1.6× 10−31 cm6

s ).
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Figure 3.36. Attachment times vs. DA concentration and O2 density. The filled
points are high beam intensity and the empty points are low beam intensity. The
solid colored lines are fits to the data and the dashed black line is a prediction
based on the attachment coefficients in Tab. 1.5. The intersection of the horizontal
and vertical lines is the prediction based on data from [89].
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Figure 3.37. Attachment times vs. DA concentration and O2 density. The filled
points are high beam intensity and the empty points are low beam intensity. The
solid colored lines are fits to the data and the dashed black line is a prediction
based on the attachment coefficients in Tab. 1.5 (the dashed blue line in (b) is a fit
that doesn’t include the 1% point). The intersection of the horizontal and vertical
lines is the prediction based on data from [89].
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Notice that for all pressures, as the concentration of DA increases, the lifetime

of electrons in the cavity decreases. Assuming a constant attachment coefficient,

τ ∝ 1/nO2
(if the number of oxygen molecules is doubled, the collision frequency

of electrons with oxygen should double, and therefore the attachment time will be

halved). However, we observe τ ∝ 1/nα

O2
, where α ≈ 0.4 − 0.7. This indicates that

the attachment coefficient depends upon the DA concentration. Figure 1.30 from [81]

supports this result, in which the rate coefficient is seen to increase with increasing

concentration of oxygen in helium at a constant X (it is not explicitly stated that P is

constant in those measurements, but that is a relatively safe assumption). Recalling

the relationship between the attachment time and rate coefficient:

k =
1

τ nO2
nm

(3.29)

it can be inferred from those measurements that for k to increase with increasing

oxygen concentration (assuming a constant nm), τ must decrease faster than nO2

increases, or τ ∝ 1/nα

O2
, where α > 1. Our most reliable measurements of τ are

at 300 psi, for which α ≈ 0.7. However, no measurements of the rate coefficient vs.

oxygen concentration in hydrogen have been made, particularly in the pressure ranges

for this experiment.

An important thing to note is that at higher pressures the front end of the

power curve is more noisy (due to smaller changes in voltage), and so the fits are

less accurate. Also, for small attachment times (below 1 ns) the calculated values for

τ are upper limits due to limitations in the algorithm used. This is evident for the

1100 psi data at large concentrations of DA. For this reason, the 1% data point at

1470 psi was dropped from one fit.

As shown in Fig. 1.27, the only previously reported data on attachment for

oxygen doped hydrogen match our data set remarkably well, considering the attach-

ment time was extrapolated 2 − 3 orders of magnitude higher in hydrogen pressure.
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Unfortunately the energy of the electrons in that experiment was not reported (only

that that they were excited with an RF pulse and the gas temperature was 290K).

However this does seem to indicate that extrapolation to higher hydrogen pressure is

valid.

Table 3.6 shows the fits for τ vs. DA concentration.
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Table 3.6. Fits of τ vs. concentration for DA doped hydrogen of the form τ = c1C
−c2.

Pressure (psi) E (MV/m) c1 (10−9) c2

300 5 7.713 0.698

300 10 16.283 0.665

300 18 28.600 0.721

800 10 3.539 0.350

800 25 6.300 0.263

800 40 5.002 0.519

1100 5 0.525 0.066

1100 10 0.849 0.245

1100 20 1.034 0.096

1100 25 1.186 0.328

1100 40 1.343 0.626

1470 5 0.770 0.422

1470 10 0.736 0.449

1470 20 1.271 0.440

1470 25 0.432 0.573
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Figures 3.38 and 3.39 show the attachment times as functions of X and the

average kinetic energy of the electrons (where the instantaneous kinetic energy has

been averaged over a Maxwellian distribution and over an RF cycle) for different

pressures. In these plots, colors correspond to concentrations of DA. The solid lines

are fits to the data. The dashed lines are predictions based on analytical forms of the

attachment coefficient vs. electron and gas temperature given in [82] (Eq. 1.41). Only

the coefficients of oxygen and nitrogen are given, and so the coefficient of hydrogen

is estimated to be three times that of nitrogen, based on the numbers in Tab. 1.5.
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Figure 3.38. Attachment times vs. X and average electron kinetic energy. The filled
points are high beam intensity and the empty points are low beam intensity. The
solid lines are fits to the data. The dashed lines are predictions based on Eq. 1.41.
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Figure 3.39. Attachment times vs. X and average electron kinetic energy. The filled
points are high beam intensity and the empty points are low beam intensity. The
solid lines are fits to the data. The dashed lines are predictions based on Eq. 1.41.
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Notice that as the electric field increases, the attachment time increases. There

is a large error in the attachment time prediction, and so one would expect only

order of magnitude agreement. Hydrogen is the dominant term in determining the

attachment time, and the attachment coefficient was assumed to be three times that

of nitrogen, based on the coefficients reported in Tab. 1.5. If the curves of nitrogen

and oxygen are compared, one finds that the values of the attachment coefficient

vary between factors of 10 and 50, and so hydrogen should not follow the electron

temperature dependence of nitrogen exactly. Additionally, Eq. 1.38 was produced

using low pressure data, and there is clearly a pressure effect, as is evident by the

discrepancy between prediction and measurement increasing with increasing pressure.

Table 3.7 shows the fits of τ vs. X .
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Table 3.7. Fits of the form τ = c1X
c2 for DA doped hydrogen.

Pressure (psi) Concentration (%) c1 (10−9) c2

300 0.04 3776 0.940

300 0.2 4752 1.276

300 1 561.1 1.008

300 5 73.99 0.790

800 0.04 222.0 0.714

800 0.2 7.194 -0.025

800 1 21.99 0.420

1100 0.04 404.8 1.069

1100 0.2 64.04 0.828

1100 1 6.331 0.457

1100 5 2.954 0.317

1100 6.78 2.458 0.287

1470 0.001 218.4 0.458

1470 0.002 229.2 0.548

1470 1 2.692 0.221
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Figures 3.40, 3.41 and 3.42 show τ vs. total gas pressure for various electric

fields. The colors correspond to concentration of DA. The solid lines are fits to the

data, and the dashed line is the prediction based on [89] (Fig. 1.27). Note that the

concentration of oxygen used in that experiment was 1.88%.
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Figure 3.40. Attachment time vs. total pressure and number density. The filled
points are high beam intensity and the empty points are low beam intensity.
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Figure 3.41. Attachment time vs. total pressure and number density. The filled
points are high beam intensity and the empty points are low beam intensity.
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Figure 3.42. Attachment time vs. total pressure and number density. The filled
points are high beam intensity and the empty points are low beam intensity.

Notice that as the total pressure increases, τ decreases. These plots represent

an incomplete picture though, since, for a constant electric field, the average kinetic

energy of an electron decreases with increasing gas pressure. Ideally, measurements

would have been made at a constant electron kinetic energy. One would expect that

at the same electron energy and oxygen concentration, the predicted value would

coincide with the measurement. However, the energy of electrons in Ref. [89] is

unknown.

Perhaps a more telling plot would be one of attachment time vs. total pressure

for measurements made at constant electron kinetic energy. Unfortunately there are

very few overlaps of kinetic energy over the range of pressures data were taken at, as

can be seen in Fig. 3.43a. When 0.4 < ǫ < 0.43 eV is selected, Fig. 3.43b is the result.

There are no overlaps in concentration or number density of oxygen for this data set.

The dashed line is again the prediction from [89].
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It has been observed that the lifetime of an electron decreases with increasing

gas pressure, and further decreases with increasing dry air concentration. As the

attachment rate of nitrogen is small compared to that of hydrogen and oxygen, it is

safe to ignore it. Further, the results indicate that for most oxygen concentrations in

hydrogen gas above 800 psi, the lifetime is less than 1 ns.

Table 3.8 shows the fits of τ vs. P .

Table 3.8. Fits of the form τ = c1 P
−c2 for DA doped hydrogen.

E (MV/m) Concentration (%) c1 c2

5 1 9.032× 10−5 1.653

5 5 3.675× 10−6 1.278

10 0.04 2.951 2.969

10 0.2 0.171 2.610

10 1 4.246× 10−3 2.182

10 5 3.985× 10−5 1.574

20 0.2 32.970 3.367

20 1 8.302× 10−3 2.204

20 5 4.835× 10−5 1.547

25 0.2 6.240× 105 4.746

25 1 6.720 3.170

40 0.04 28.49 3.110

40 1 7.455× 103 4.193
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3.3.1 Attachment Uncertainties. The error in the measurements gets larger

with increasing pressure and dry air concentration, i.e., smaller attachment times.

When the power absorbed by the plasma is small, the signal to noise ratio becomes

smaller, making the fit to the front end of the power curve less accurate. Additionally,

for small values of τ the time between data points (10 ns/point) becomes an issue,

although the noise in the power curves contributes more. However both of these are

insignificant compared to the limit of the time constant based on the precision of the

algorithm used to calculate τ . For this reason, much of the data reported at 1100 and

1470 psi is an upper limit. Unfortunately the entire data set is small, and so these

points have been included in the fits of the results so as to increase the statistics and

gain a better idea of the trends in the data. Table 3.9 summarizes the errors on τ .

Table 3.9. Errors on τ .

Source Affects Estimate (%)

Gas pressure Front end power 10

DA concentration Front end power 10

Noise in power curve Fitting 10

Recursion formula τ 50 (?)

3.4 Ion-Ion Recombination

The method used to find ion-ion recombination rate is almost identical to that

used in finding the electron attachment time. The recursion formula, Eq. 3.28 was

used with functional form inputs for η and τ as described in Sec. 3.3. The number of

each particle vs. time, along with the respective energy losses, was used to calculate

the power lost to the gas, which was fit to the measurement (see Fig. 3.35). The

volume occupied by ions is assumed to be the same as in Sec. 3.2. The plots below
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show the value of η corresponding to the flat top voltage in the cavity. Figures 3.44 and

3.45 show η vs. DA concentration and oxygen number density for various pressures.
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Figure 3.44. Ion-ion recombination rate vs. DA concentration and O2 density. The
filled points are high beam intensity and the empty points are low beam intensity.
The solid colored lines are fits to the data.
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Figure 3.45. Ion-ion recombination rate vs. DA concentration and O2 density. The
filled points are high beam intensity and the empty points are low beam intensity.
The solid colored lines are fits to the data.
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For the majority of the data, as the concentration of DA increases, the η

increases, if only slightly. The exception is at 300 psi, for which the energy loss is

dominated by electrons, and so the ion contribution is not as clear. One would expect

that as the oxygen (and hence O−

2 ) density increases, the ion-ion recombination rate

will increase. O−

2 are not as fast to recombine with hydrogen as electrons (there

is approximately an order of magnitude difference in their respective recombination

rates) due to its significantly smaller mobility.

Table 3.10 shows the fits for η vs. DA concentration.
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Table 3.10. Fits of η vs. concentration for DA doped hydrogen of the form η = c1C
c2.

Pressure (psi) E (MV/m) c1 (10−8) c2

300 5 4.979 0.176

300 10 4.729 -0.022

300 18 3.754 -0.162

800 10 6.253 0.017

800 25 3.031 0.042

800 40 2.019 -0.028

1100 5 4.026 0.232

1100 10 5.168 0.067

1100 20 2.518 0.311

1100 25 3.814 0.070

1100 40 3.588 0.014

1470 5 4.374 0.149

1470 10 3.910 0.138

1470 20 3.132 0.139

1470 25 2.989 0.150
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Figures 3.46 and 3.47 show η vs. X for various pressures. The colors corre-

spond to DA concentrations and the lines are fits to the data.
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the data.
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As described in Sec. 1.2.7, for low gas densities, ions must gain enough energy

to find other ions while losing energy through collisions with neutral molecules. This

can be seen clearly in Fig. 3.46a at 300 psi and 0.04 and 0.2% DA. In this region, the

density of negative ions is small, so increasing X increases the ion energy, hence the

recombination rate becomes larger. It appears as if a transition occurs between 0.2

and 1% DA at 300 psi. For higher concentrations and subsequently higher pressures,

there are sufficient negative ions so that the positive-negative ion collision rate is

not an issue. Here we see the ion-ion recombination rate follow that of the electron-

hydrogen recombination rate in that the cross section for interaction must fall off with

increasing X . Additionally, if the recombination rate of O−

2 with O+

2 from Tab. 1.6 is

considered, increasing gas temperature decreases the recombination rate.

Table 3.11 shows the fits of η vs. X .
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Table 3.11. Fits of η vs. X for DA doped hydrogen of the form η = c1X
c2.

Pressure (psi) Concentration (%) c1 (10−9) c2

300 0.04 377.6 0.5556

300 0.2 267.2 0.516

300 1 5.870 -0.516

300 5 18.38 -0.334

800 0.04 2.305 -0.705

800 0.2 0.873 -0.935

800 1 1.726 -0.786

1100 0.04 18.93 -0.171

1100 0.2 18.74 -0.184

1100 1 16.03 -0.194

1100 5 19.95 -0.197

1100 6.78 19.97 -0.211

1470 0.001 1.899 -0.374

1470 0.002 5.668 -0.190

1470 1 6.325 -0.339
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Figure 3.48. Ion-ion recombination rate vs. total pressure and number density. The
filled points are high beam intensity and the empty points are low beam intensity.
The solid lines are fits to the data. The black dashed line is an extrapolation from
Fig. 1.31.

Figures 3.48, 3.49, and 3.50 show η vs. pressure and number density for various

electric fields. The colors correspond to concentrations and the solid lines are fits to

the data. The black dashed line is an extrapolation to the pressure range measured

here of the ion-ion recombination rate based on the general rate coefficient given in

Fig. 1.31.
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Figure 3.49. Ion-ion recombination rate vs. total pressure and number density. The
filled points are high beam intensity and the empty points are low beam intensity.
The solid lines are fits to the data. The black dashed line is an extrapolation from
Fig. 1.31.
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Figure 3.50. Ion-ion recombination rate vs. total pressure and number density. The
filled points are high beam intensity and the empty points are low beam intensity.
The solid lines are fits to the data. The black dashed line is an extrapolation from
Fig. 1.31.
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With the exception of 40MV/m, most of the data shows only a slight change

in η with respect to pressure. It would appear that for the density range reported

here, the ion-ion recombination rate does not greatly depend on pressure. The entire

range of η measurements is only roughly an order of magnitude. If one considers

the data in Tab. 1.6, O−

2 has been previously measured to recombine with diatomic

molecules (O+

2 and N+

2 ) at rates of 10
−8−10−7 cm3

s , which is in good agreement with

our data.

Table 3.12 shows the fits of τ vs. P .
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Table 3.12. Fits of η vs. P for DA doped hydrogen of the form η = c1 P
c2.

E (MV/m) Concentration (%) c1 c2

5 1 5.337× 10−8 -0.033

5 5 1.817× 10−7 -0.160

10 0.04 2.300× 10−7 -0.224

10 0.2 8.712× 10−9 0.261

10 1 3.177× 10−8 0.060

10 5 1.177× 10−7 -0.108

20 0.2 1.014× 10−5 -0.875

20 1 1.211× 10−8 0.119

20 5 1.004× 10−7 -0.134

25 0.2 1.210× 10−11 1.154

25 1 4.473× 10−7 -0.385

40 0.04 2.143× 10−12 1.382

40 1 1.172× 10−13 1.804
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3.4.1 Ion-ion Recombination Uncertainties. The errors associated with the

ion-ion recombination measurement are similar to those for the attachment time mea-

surement, as they were made using the same recursion formula. Here, for low pressures

and concentrations, η is fit near the end of the power curve due to electrons dom-

inating the energy loss at the front. However, electrons still contribute at the end

at 300 psi, so the error in the τ measurement is tied into the η measurement at this

pressure. For large pressures, the electrons become attached very quickly, and the

front end power loss comes primarily from the ions. It can be seen in Fig. 3.35d that

the calculated energy loss in the first 2µs overshoots the measurement, which could

not be rectified. The tail of the power curve at high pressure is also more noisy than

at low pressure, even after averaging over 90 ns.

The energy loss per ion used also presents a source of error. Constant mo-

bilities for H+

5 and O−

2 were used to perform the calculation, however it is clear the

mobility varies with gas pressure. This has a direct impact on the power loss calcu-

lation. The exact species of ions is also unknown. Based on the electron-hydrogen

recombination measurements there is good reason to believe that nH+

5
≫ nH+

3
for

most cases, however larger clusters of hydrogen are possible, whose mobililities are

unknown. Oxygen could also have reacted to form oxygen clusters, or molecules

containing oxygen and hydrogen or nitrogen. The potential for water formation is

of course present, however only in very small amounts. Table 3.13 summarizes the

errors on η.

Due to complexity of the system (hydrogen, oxygen, nitrogen) and the inability

to determine specific molecular species in the cavity, an order of magnitude estimate

for the ion-ion recombination rate is the best that can be accomplished at this point.
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Table 3.13. Errors on η.

Source Affects Estimate (%)

Gas pressure Front end power 10

DA concentration Front end power 10

Noise in power curve Fitting 10

dw for ions Ion power loss 20

Ion species Ion power loss 10
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CHAPTER 4

CONCLUSION

The energy loss per RF cycle for an electron-hydrogen ion pair in a plasma

within a high pressure gas filled radio frequency cavity has been measured at 10−18−

10−16 J (6 − 600 eV), and for an oxygen ion-hydrogen ion pair at 10−20 − 10−18 J

(0.06 − 6 eV). A saturation of the energy loss at high pressure has been observed.

The recombination rate of electrons in hydrogen is on the order of 10−6 cm3

s , and

indicates that H+

5 is the dominant hydrogen ion in the HPRF cavity. The ion-ion

recombination rate has been measured at 10−8−10−7 cm3

s . The lifetime of an electron

in dry air-doped hydrogen at pressures above 800 psi and oxygen concentrations above

0.2% has an upper limit of ≈ 1 ns, while high pressure, high concentration lifetimes

appear to be well below that.

These results may be applied to help validate the use of an HPRF cavity in

the cooling-channel of a Neutrino Factory or Muon Collider.

4.1 Neutrino Factory

The cooling requirements are less strict and number of muons per bunch

smaller for a Neutrino Factory than for a Muon Collider (see Tables 1.2 and 1.3).

Table 1.1 lists the RF requirements for a Neutrino Factory. We will assume an HPRF

cavity will be used, operated at: 201MHz, 15 MV
m , with 100 atm (1470 psi) of 0.2%

oxygen doped hydrogen at 293K. Each incident muon will produce roughly:

Npairs =
dE
dx
ρL

Wi

=
4.2 MeVcm2

g × 2
g

mol
× 1

240.4
mol
cm3 × 50 cm

35.3 eV
= 48, 300 (4.1)

The measured energy loss per RF cycle per electron-ion pair at 100 atm of 1% dry

air (0.2% oxygen) doped hydrogen is 3.1 × 10−19 J
cyclepair

(1.93 eV
cyclepair

). This

corresponds to 1.5× 10−14 J (93.6 keV) every RF cycle. If the momentum of incident

muons (and hence dE
dx

) does not change greatly, then the energy loss every RF cycle
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as a function of gas pressure can be given as:

W (P ) = 1.50× 10−16
J

atm
× P = 934

eV

atm
× P (4.2)

Using Eq. 1.23 and assuming the beam arrives at a 45o phase angle, then the

conventional beam loading would be:

W =
1

2
q V =

1

2
1.6× 10−19C× 1.5× 107 sin(π/4)

eV

m
× 0.5m (4.3)

= 4.24× 10−13 J = 2.62MeV (4.4)

Therefore the conventional beam loading would be more than an order of magnitude

greater than the plasma loading.

For a copper pillbox cavity with the above parameters, the stored energy is

137.5 J. The total energy loss due to plasma loading for 1011 muons would be 1.5mJ

per RF cycle. If one assumes none of the ions recombine for the entire beam pulse

(250 ns, or 50 bunches), this is still only 75mJ lost due to plasma loading, which

corresponds to a roughly 2% decrease in accelerating gradient.

4.2 Muon Collider

More cooling is needed for a Muon Collider than a Neutrino Factory. In

addition to the bunching, phase rotation, and 4D cooling that forms the front end of

a Muon Collider and provides all the necessary cooling for a Neutrino Factory, 6D

cooling must be performed to reach the final emittance goal (see Tab. 1.2). To meet

the luminosity criteria, a larger bunch charge is needed. We will consider the helical

cooling-channel (HCC) described in Sec. 1.1.3. The HCC employs HPRF cavities

operated at 805MHz and 20 MV
m , filled with 180 atm (2646 psi) of 1% oxygen doped

hydrogen. If we assume the kinetic energy of the muons is 130MeV [1] and the

cavities are 25 cm long and operated at 293K, then each incident muon would produce
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roughly:

Npairs =
dE
dx
ρL

Wi
=

5 MeVcm2

g × 2
g

mol
× 1

133.6
mol
cm3 × 25 cm

35.3 eV
= 43, 500 (4.5)

Unfortunately we have no measurements of the energy loss in a cavity at this pres-

sure and concentration. What we can do is use the measurements we have made to

extrapolate to the HCC parameters. To begin, we take the fit to the τ versus P data

at 20 MV
m and 5% DA (1% oxygen) shown in Fig. 3.41a. Extrapolating τ to 180 atm

(2646 psi) this gives us a lifetime of 0.245 ns for an electron. For an initial number

of 43,500 electron-hydrogen ion pairs, the number of electrons fall and the number of

O−

2 rise as shown in Fig. 4.1.
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Figure 4.1. Number of electrons (red) and O−

2 (blue) for one RF cycle with an initial
using HCC parameters. The initial number of electron-hydrogen ion pairs is 43,500.

After one RF cycle (1.25 ns), only 0.6% of the initial electrons remain. As can

be seen in Fig. 3.27, the energy loss per electron-hydrogen ion pair over one RF cycle

appears to saturate at high pressure. For this reason, we will assume the dw vs. X

curve for electrons and hydrogen ions follows that at 1520 psi (our highest pressure

measurement) for pure hydrogen data, which can be found in Tab. 3.1. For ions, we

will assume the dw vs. X curve follows that at 1470 psi with 1% DA for oxygen and
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hydrogen ions, which can be found in Tab. 3.2, using the same reasoning. Figure 4.2

shows dw vs. time for one RF cycle.
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(a). Electron-hydrogen ion pairs.
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(b). Oxygen ion-hydrogen ion pairs.

Figure 4.2. dw per particle pair over one RF cycle based on HCC parameters.

There are two orders of magnitude difference between the peaks of the two

energy loss curves. If the number of particles vs. time is incorporated into dw vs.

time, the energy loss, T (t) = dw(X(t))×N(t), vs. time is the result. This is shown

in Fig. 4.3.
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(a). Electron-hydrogen ion pairs.
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(b). Oxygen-hydrogen ion pairs.

Figure 4.3. Energy loss over one RF cycle based on HCC parameters.

The total energy loss is found by integrating over one RF period. For electrons

and hydrogen ions, this is 3.91× 10−14 J (244 keV) per RF cycle, and for oxygen ion-

hydrogen ions this is 2.17× 10−15 J (13.5 keV) per RF cycle. Note that this method

assumes the number of hydrogen ions is constant (i.e. there is no ion-ion recombi-
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nation) and that ne + nO−

2
= nH+

5
. The hydrogen ion energy loss is incorporated in

both Fig. 4.3a and 4.3b.

Conventional beam loading in this case is 2.83×10−13 J (1.50MeV) per muon,

still nearly an order of magnitude larger. The total plasma loading for 1012 muons

would then be 41.3mJ per RF cycle. It is worth noting that this bunch intensity is

three orders of magnitude larger than what was used the for the HPRF beam tests.

A copper pillbox HPRF cavity used for a HCC would have 7.63 J stored energy.

Assuming a constant rate of 41.3mJ per bunch, the twelfth bunch would see 94% of

the stored energy, or 97% of the accelerating voltage of the first bunch. This has the

effect of heating the beam, or increasing the longitudinal phase space.

4.3 Outlook

The results of this experiment indicate that a high pressure gas filled radio

frequency cavity would be a suitable means of preventing RF breakdown in multi-

Tesla magnetic fields, while cooling a beam of muons at the same time. Another beam

test using an HPRF would be beneficial in further cementing its validity for use in a

Muon Collider cooling-channel. A pressure range that included 180 atm would provide

measurements of the electron energy loss at the desired pressure. A spectroscopy or

gas species sampling system would aid in identifying the species of molecules present

in the plasma. Consistent measurements over a pressure range at a specific electron

or ion energy would also be helpful. To ease analysis efforts, better care should be

taken in the future to ensure the cavity conditions (gas pressure, electric field, etc) of

data collected for pure hydrogen matches those collected with dopant gases. Finally,

a higher resolution measurement of the lifetime of electrons in a dopant gas would

significantly improve the quality of data.
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APPENDIX A

RUN CONDITIONS RUN I



162

Table A.1. Run I run conditions.

Gas

Species

Gas

Pres.

(psi)

Beam

Int.

Cavity

Grad.

(MV/m)

Date Time Long RF Long Beam Additional

Date

Additional

Time

N2 500 high 10 12-Jul 16:34:15-

16:57:08

16:59-17:03

N2 500 high 20 12-Jul 15:40:33-

16:19:53

N2 500 high 30 12-Jul 16:20:53-

16:33:12

H2 500 low 10

H2 500 low 20

H2 500 low 30

H2 500 med 10 27-Jul 16:35:47-

16:45:02

H2 500 med 20 27-Jul 16:10:57-

16:21:25

16:46:03-

16:48:35

H2 500 med 25 27-Jul 16:25:31-

16:34:46

H2 500 med 30 27-Jul 16:22:26-

16:24:30

H2 500 high 10 22-Jul 17:00:47-

17:16:16

27-Jul 13:04:17-

13:15:10

H2 500 high 20 22-Jul 16:04:49-

16:42:32

17:31:52-

17:47:08

27-Jul 12:18:04-

12:46:50

H2 500 high 25 22-Jul 17:17:18-

17:30:50

27-Jul 12:52:59-

13:03:15

H2 500 high 30 22-Jul 16:43:47-

16:59:47

27-Jul 12:47:51-

12:51:28

H2 800 low 10 25-Jul 16:03:46-

16:15:50

H2 800 low 20 25-Jul 15:06:53-

15:28:39

15:44:25-

15:50:43

16:18:59-

16:24:15

16:25:18-

16:27:24

H2 800 low 30 25-Jul 15:51:47-

16:02:43

H2 800 med 10 27-Jul 14:26:25-

14:38:44

H2 800 med 20 27-Jul 13:49:27-

14:15:07

14:39:46-

14:45:04

H2 800 med 30 27-Jul 14:16:09-

14:25:23

H2 800 high 10 14-Jul 13:05:08-

13:16:30

H2 800 high 20 14-Jul 12:07:00-

12:51:22

13:18:34-

13:20:38
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Gas

Species

Gas

Pres.

(psi)

Beam

Int.

Cavity

Grad.

(MV/m)

Date Time Long RF Long Beam Additional

Date

Additional

Time

H2 800 high 27.8 25-Jul 14:20:24-

15:05:38

H2 800 high 30 14-Jul 12:52:40-

13:04:06

H2 950 low 10 25-Jul 17:10:29-

17:19:57

H2 950 low 20 25-Jul 16:41:04-

16:53:41

17:21:00-

17:23:52

H2 950 low 30 25-Jul 16:54:44-

17:09:26

H2 950 med 10 27-Jul 15:47:32-

15:56:46

H2 950 med 20 27-Jul 15:25:58-

15:36:14

15:57:48-

15:59:40

H2 950 med 30 27-Jul 15:37:16-

15:46:30

H2 950 high 10 15-Jul 12:38:14-

12:47:18

H2 950 high 20 15-Jul 12:02:28-

12:19:54

12:52:20-

13:06:52

H2 950 high 30 8-Aug 11:37:51-

12:01:17

H2 950 high 30.1 15-Jul 12:20:56-

12:37:14

H2 + N2500 low 10

H2 + N2500 low 20

H2 + N2500 low 30

H2 + N2500 med 10

H2 + N2500 med 20

H2 + N2500 med 30

H2 + N2500 high 10

H2 + N2500 high 20

H2 + N2500 high 30 8-Aug 12:41:05-

12:58:47

H2 + N2800 low 10

H2 + N2800 low 20

H2 + N2800 low 30

H2 + N2800 med 10

H2 + N2800 med 20

H2 + N2800 med 30

H2 + N2800 high 10

H2 + N2800 high 20
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Gas

Species

Gas

Pres.

(psi)

Beam

Int.

Cavity

Grad.

(MV/m)

Date Time Long RF Long Beam Additional

Date

Additional

Time

H2 + N2800 high 30 8-Aug 13:06:36-

13:19:10

H2 + N2950 low 10

H2 + N2950 low 20

H2 + N2950 low 30

H2 + N2950 med 10

H2 + N2950 med 20

H2 + N2950 med 30

H2 + N2950 high 10

H2 + N2950 high 20

H2 + N2950 high 30 8-Aug 13:26:15-

13:40:34

H2 +

SF6

500 low 10

H2 +

SF6

500 low 20

H2 +

SF6

500 low 30

H2 +

SF6

500 med 10

H2 +

SF6

500 med 20

H2 +

SF6

500 med 30

H2 +

SF6

500 high 10

H2 +

SF6

500 high 16 8-Aug 15:59:22-

16:11:56

H2 +

SF6

500 high 20

H2 +

SF6

500 high 30 8-Aug 16:12:57-

16:31:18

18:01:01-

18:15:53

H2 +

SF6

800 low 10

H2 +

SF6

800 low 20

H2 +

SF6

800 low 30

H2 +

SF6

800 med 10

H2 +

SF6

800 med 20
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Gas

Species

Gas

Pres.

(psi)

Beam

Int.

Cavity

Grad.

(MV/m)

Date Time Long RF Long Beam Additional

Date

Additional

Time

H2 +

SF6

800 med 30

H2 +

SF6

800 high 10

H2 +

SF6

800 high 20

H2 +

SF6

800 high 30 8-Aug 16:41:48-

16:56:11

17:38:57-

17:55:06

H2 +

SF6

950 low 10

H2 +

SF6

950 low 20

H2 +

SF6

950 low 30

H2 +

SF6

950 med 10

H2 +

SF6

950 med 20

H2 +

SF6

950 med 30

H2 +

SF6

950 high 10 8-Aug 17:20:07-

17:24:12

H2 +

SF6

950 high 20 8-Aug 17:25:13-

17:27:15

17:28:16-

17:31:22

H2 +

SF6

950 high 30 8-Aug 17:03:29-

17:19:06
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APPENDIX B

RUN CONDITIONS RUN II
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Table B.1. Run conditions for Run II.

Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam

Int.

Beam

Length

(µs)

Elec.

Field

(MV/m)

Freq.

(MHz)

Mag.

Field

(T)

Circ.

/Hybr.

05-04 145 3193 3206 Air 100 800 1 9.5 25 799.251 0 Hybr.

05-04 145 3207 3217 Air 100 800 1 9.5 20 799.255 0 Hybr.

05-04 145 3218 3225 Air 100 800 1 9.5 10 799.269 0 Hybr.

05-07 156 3527 3537 D2 100 500 0.05 9.5 25 807.245 0 Hybr.

05-07 156 3538 3547 D2 100 500 0.05 9.5 20 807.225 0 Hybr.

05-07 156 3548 3557 D2 100 500 0.05 9.5 10 807.233 0 Hybr.

05-07 156 3558 3567 D2 100 500 0.05 9.5 5 807.245 0 Hybr.

05-07 155 3487 3496 D2 100 800 0.05 9.5 25 805.449 0 Hybr.

05-07 155 3497 3506 D2 100 800 0.05 9.5 20 805.433 0 Hybr.

05-07 155 3507 3516 D2 100 800 0.05 9.5 10 805.444 0 Hybr.

05-07 155 3517 3526 D2 100 800 0.05 9.5 5 805.452 0 Hybr.

05-07 151 3417 3426 D2 100 1140 1 9.5 25 803.479 0 Hybr.

05-07 154 3428 3436 D2 100 1140 1 9.5 25 803.49 0 Hybr.

05-07 154 3444 3453 D2 100 1140 0.05 9.5 25 803.479 0 Hybr.

05-07 154 3454 3464 D2 100 1140 0.05 9.5 20 803.484 0 Hybr.

05-07 154 3465 3475 D2 100 1140 0.05 9.5 10 803.497 0 Hybr.

05-07 154 3477 3484 D2 100 1140 0.05 9.5 5 803.514 0 Hybr.

05-04 149 3380 3389 D2+Air 1 300 1 9.5 10 808.394 0 Hybr.

05-04 149 3393 3402 D2+Air 1 300 1 9.5 18 808.391 0 Hybr.

05-04 148 3347 3357 D2+Air 1 800 1 9.5 10 805.308 0 Hybr.

05-04 148 3358 3368 D2+Air 1 800 1 9.5 25 805.306 0 Hybr.

05-04 148 3369 3379 D2+Air 1 800 1 9.5 40 805.258 0 Hybr.

05-04 147 3317 3326 D2+Air 1 1100 1 9.5 10 803.531 0 Hybr.

05-04 147 3327 3336 D2+Air 1 1100 1 9.5 25 803.548 0 Hybr.

05-04 147 3337 3346 D2+Air 1 1100 1 9.5 40 803.517 0 Hybr.

05-04 146 3226 3235 D2+Air 1 1470 1 9.5 25 801.565 0 Hybr.

05-04 146 3236 3245 D2+Air 1 1470 1 9.5 20 801.506 0 Hybr.

05-04 146 3246 3249 D2+Air 1 1470 1 9.5 25 801.478 0 Hybr.

05-04 146 3250 3253 D2+Air 1 1470 1 9.5 20 801.467 0 Hybr.

05-04 146 3257 3261 D2+Air 1 1470 1 9.5 10 801.475 0 Hybr.

05-04 146 3262 3274 D2+Air 1 1470 1 9.5 5 801.482 0 Hybr.

05-04 146 3275 3285 D2+Air 1 1470 1 9.5 40 801.476 0 Hybr.

05-04 146 3286 3296 D2+Air 1 1470 0.2 9.5 10 801.465 0 Hybr.

05-04 146 3297 3306 D2+Air 1 1470 0.2 9.5 25 801.502 0 Hybr.

05-04 146 3307 3316 D2+Air 1 1470 0.2 9.5 40 801.474 0 Hybr.

04-21 37 478 485 H2 100 300 1 7.5 5 808.525 0 Circulator

04-21 37 487 494 H2 100 300 1 7.5 10 808.525 0 Circulator

04-21 37 495 502 H2 100 300 1 7.5 18 808.517 0 Circulator
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Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam

Int.

Beam

Length

(µs)

Elec.

Field

(MV/m)

Freq.

(MHz)

Mag.

Field

(T)

Circulator

/Hybr.

04-21 39 505 512 H2 100 300 0.2 7.5 18 808.517 0 Circulator

04-21 39 540 546 H2 100 300 0.2 7.5 10 808.51 0 Circulator

04-21 39 548 555 H2 100 300 0.2 7.5 5 808.52 0 Circulator

04-21 39 557 564 H2 100 300 0.1 7.5 5 808.522 0 Circulator

04-21 39 566 573 H2 100 300 0.1 7.5 10 808.525 0 Circulator

04-21 39 575 582 H2 100 300 0.1 7.5 18 808.521 0 Circulator

04-23 55 275 284 H2 100 300 0.05 7.5 5 808.491 0 Circulator

04-23 55 286 295 H2 100 300 0.05 7.5 10 808.492 0 Circulator

04-23 55 296 306 H2 100 300 0.05 7.5 18 808.489 0 Circulator

05-02 125 2009 2019 H2 100 300 1 9.5 10 808.421 3 Hybr.

05-02 125 2020 2030 H2 100 300 1 9.5 5 808.426 3 Hybr.

05-02 125 2031 2040 H2 100 300 1 9.5 15 808.432 3 Hybr.

05-02 125 2041 2050 H2 100 300 1 9.5 10 808.432 3

2.54

Hybr.

05-02 125 2051 2059 H2 100 300 1 9.5 10 808.432 2.5 Hybr.

05-02 125 2060 2071 H2 100 300 1 9.5 10 808.438 2.46

2.04

Hybr.

05-02 125 2072 2079 H2 100 300 1 9.5 10 808.432 2 Hybr.

05-02 125 2080 2095 H2 100 300 1 9.5 10 808.438 2

1.54

Hybr.

05-02 125 2096 2103 H2 100 300 1 9.5 10 808.432 1.5 Hybr.

05-02 125 2104 2121 H2 100 300 1 9.5 10 808.438 1.5

1.04

Hybr.

05-02 125 2122 2129 H2 100 300 1 9.5 10 808.432 1 Hybr.

05-02 125 2130 2151 H2 100 300 1 9.5 10 808.438 1

0.54

Hybr.

05-02 125 2152 2161 H2 100 300 1 9.5 10 808.432 0.5 Hybr.

05-02 125 2162 2184 H2 100 300 1 9.5 10 808.454 0.41

0

Hybr.

05-02 125 2185 2192 H2 100 300 1 9.5 10 808.432 0 Hybr.

04-17 12 H2 100 500 9.5 807.36 0 Circulator

04-17 13 H2 100 500 9.5 10 807.358 0 Circulator

04-17 14 7 100 H2 100 500 9.5 17.4 807.334 0 Circulator

04-21 41 583 590 H2 100 500 0.1 7.5 5 807.245 0 Circulator

04-21 41 596 603 H2 100 500 0.1 7.5 10 807.25 0 Circulator

04-21 41 604 611 H2 100 500 0.1 7.5 20 807.246 0 Circulator

04-21 41 612 619 H2 100 500 0.1 7.5 25 807.231 0 Circulator

04-21 41 620 627 H2 100 500 0.2 7.5 25 807.221 0 Circulator

04-21 41 630 637 H2 100 500 0.2 7.5 20 807.229 0 Circulator

04-21 41 638 645 H2 100 500 0.2 7.5 10 807.235 0 Circulator

04-21 41 646 653 H2 100 500 0.2 7.5 5 807.244 0 Circulator
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Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam

Int.

Beam

Length

(µs)

Elec.

Field

(MV/m)

Freq.

(MHz)

Mag.

Field

(T)

Circulator

/Hybr.

04-21 41 654 661 H2 100 500 1 7.5 5 807.249 0 Circulator

04-21 41 662 669 H2 100 500 1 7.5 10 807.254 0 Circulator

04-21 41 670 677 H2 100 500 1 7.5 20 807.25 0 Circulator

04-21 41 678 685 H2 100 500 1 7.5 25 807.254 0 Circulator

04-23 54 237 245 H2 100 500 0.05 7.5 5 807.24 0 Circulator

04-23 54 246 254 H2 100 500 0.05 7.5 10 807.238 0 Circulator

04-23 54 255 264 H2 100 500 0.05 7.5 20 807.234 0 Circulator

04-23 54 265 274 H2 100 500 0.05 7.5 25 807.221 0 Circulator

05-07 159 3648 3657 H2 100 500 0.05 9.5 25 807.211 0 Hybr.

05-07 159 3658 3667 H2 100 500 0.05 9.5 20 807.211 0 Hybr.

05-07 159 3668 3677 H2 100 500 0.05 9.5 10 807.219 0 Hybr.

05-07 159 3678 3687 H2 100 500 0.05 9.5 5 807.235 0 Hybr.

04-18 16 H2 100 800 9.5 29.2 805.482 0 Circulator

04-18 17 25 33 H2 100 800 1 9.5 27.7 805.47 0 Circulator

04-18 17 36 44 H2 100 800 1 9.5 20 805.48 0 Circulator

04-18 17 47 58 H2 100 800 1 9.5 10 805.5 0 Circulator

04-18 17 60 69 H2 100 800 1 9.5 5 805.51 0 Circulator

04-18 18 H2 100 800 9.5 805.535 0 Circulator

04-18 19 H2 100 800 9.5 805.535 0 Circulator

04-18 20 H2 100 800 9.5 805.535 0 Circulator

04-18 22 H2 100 800 9.5 805.535 0 Circulator

04-18 23 0 7 H2 100 800 0.2 9.5 5 805.55 0 Circulator

04-18 23 9 16 H2 100 800 0.2 9.5 10 805.54 0 Circulator

04-18 23 17 27 H2 100 800 0.2 9.5 20 805.55 0 Circulator

04-18 23 28 40 H2 100 800 0.2 9.5 27.7 805.57 0 Circulator

04-18 24 3 11 H2 100 800 0.1 9.5 27.7 805.55 0 Circulator

04-18 24 13 23 H2 100 800 0.1 9.5 20 805.54 0 Circulator

04-18 24 24 33 H2 100 800 0.1 9.5 10 805.55 0 Circulator

04-18 24 34 43 H2 100 800 0.1 9.5 5 805.57 0 Circulator

04-18 24 44 48 H2 100 800 0.05 9.5 10 805.57 0 Circulator

04-18 24 49 54 H2 100 800 0.05 9.5 20 805.58 0 Circulator

04-18 24 55 59 H2 100 800 0.05 9.5 27.7 805.56 0 Circulator

04-22 42 686 692 H2 100 800 1 7.5 5 805.463 0 Circulator

04-22 42 693 700 H2 100 800 1 7.5 10 805.466 0 Circulator

04-22 42 701 708 H2 100 800 1 7.5 20 805.465 0 Circulator

04-22 42 709 716 H2 100 800 1 7.5 25 805.458 0 Circulator

04-22 42 720 727 H2 100 800 0.2 7.5 25 805.458 0 Circulator

04-22 42 728 735 H2 100 800 0.2 7.5 20 805.456 0 Circulator

04-22 42 736 743 H2 100 800 0.2 7.5 10 805.47 0 Circulator

04-22 42 744 751 H2 100 800 0.2 7.5 5 805.482 0 Circulator
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Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam

Int.

Beam

Length

(µs)

Elec.

Field

(MV/m)

Freq.

(MHz)

Mag.

Field

(T)

Circulator

/Hybr.

04-22 42 754 761 H2 100 800 0.1 7.5 5 805.482 0 Circulator

04-22 42 762 769 H2 100 800 0.1 7.5 10 805.495 0 Circulator

04-22 42 771 778 H2 100 800 0.1 7.5 20 805.496 0 Circulator

04-22 42 780 787 H2 100 800 0.1 7.5 25 805.486 0 Circulator

04-23 51 191 204 H2 100 800 0.05 7.5 25 805.413 0 Circulator

04-23 51 205 212 H2 100 800 0.05 7.5 20 805.396 0 Circulator

04-23 51 213 225 H2 100 800 0.05 7.5 10 805.4 0 Circulator

04-23 53 226 226 H2 100 800 0.05 7.5 10 805.4 0 Circulator

04-23 53 227 236 H2 100 800 0.05 7.5 5 805.414 0 Circulator

05-02 124 1965 1976 H2 100 800 1 9.5 40 805.4 3 Hybr.

05-02 124 1977 1988 H2 100 800 1 9.5 25 805.401 3 Hybr.

05-02 124 1989 1998 H2 100 800 1 9.5 20 805.419 3 Hybr.

05-02 124 1999 2008 H2 100 800 1 9.5 10 805.434 3 Hybr.

05-07 158 3608 3617 H2 100 800 0.05 9.5 25 805.384 0 Hybr.

05-07 158 3618 3627 H2 100 800 0.05 9.5 20 805.373 0 Hybr.

05-07 158 3628 3637 H2 100 800 0.05 9.5 10 805.383 0 Hybr.

05-07 158 3638 3647 H2 100 800 0.05 9.5 5 805.398 0 Hybr.

04-20 35 252 261 H2 100 950 1 7.5 25 804.562 0 Circulator

04-20 35 263 271 H2 100 950 1 7.5 20 804.57 0 Circulator

04-20 35 272 279 H2 100 950 1 7.5 10 804.578 0 Circulator

04-20 35 281 289 H2 100 950 1 7.5 5 804.598 0 Circulator

04-20 35 294 302 H2 100 950 0.2 7.5 5 804.598 0 Circulator

04-20 35 305 313 H2 100 950 0.2 7.5 10 804.617 0 Circulator

04-20 35 315 322 H2 100 950 0.2 7.5 20 804.619 0 Circulator

04-20 35 323 330 H2 100 950 0.2 7.5 25 804.61 0 Circulator

04-20 35 334 341 H2 100 950 0.1 7.5 25 804.61 0 Circulator

04-20 35 342 349 H2 100 950 0.1 7.5 20 804.611 0 Circulator

04-20 35 350 357 H2 100 950 0.1 7.5 10 804.625 0 Circulator

04-20 35 358 365 H2 100 950 0.1 7.5 5 804.642 0 Circulator

04-23 50 150 159 H2 100 950 0.05 7.5 5 804.628 0 Circulator

04-23 50 160 171 H2 100 950 0.05 7.5 10 804.637 0 Circulator

04-23 50 172 181 H2 100 950 0.05 7.5 20 804.634 0 Circulator

04-23 50 182 190 H2 100 950 0.05 7.5 25 804.629 0 Circulator

05-01 113 1718 1727 H2 100 950 0.1 9.5 40 804.575 0 Hybr.

05-01 113 1728 1739 H2 100 950 0.1 9.5 30 804.545 0 Hybr.

05-01 113 1740 1752 H2 100 950 1 9.5 30 804.563 0 Hybr.

05-01 113 1753 1762 H2 100 950 1 9.5 40 804.577 0 Hybr.

04-19 29 17 26 H2 100 1100 1 7.5 25 803.67 0 Circulator

04-19 29 28 37 H2 100 1100 1 7.5 20 803.67 0 Circulator

04-19 31 40 47 H2 100 1100 1 7.5 10 803.73 0 Circulator
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Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam

Int.

Beam

Length

(µs)

Elec.

Field

(MV/m)

Freq.

(MHz)

Mag.

Field

(T)

Circulator

/Hybr.

04-19 31 48 54 H2 100 1100 1 7.5 5 803.74 0 Circulator

04-19 31 55 62 H2 100 1100 0.2 7.5 5 803.74 0 Circulator

04-19 31 65 73 H2 100 1100 0.2 7.5 10 803.76 0 Circulator

04-19 31 75 82 H2 100 1100 0.2 7.5 20 803.76 0 Circulator

04-19 31 83 90 H2 100 1100 0.2 7.5 25 803.76 0 Circulator

04-19 31 101 108 H2 100 1100 0.1 7.5 25 803.757 0 Circulator

04-19 31 109 116 H2 100 1100 0.1 7.5 20 803.76 0 Circulator

04-19 31 117 125 H2 100 1100 0.1 7.5 10 803.78 0 Circulator

04-19 31 126 133 H2 100 1100 0.1 7.5 5 803.79 0 Circulator

04-23 48 H2 100 1100 0.05 7.5 803.71 0 Circulator

04-23 49 111 122 H2 100 1100 0.05 7.5 25 803.71 0 Circulator

04-23 49 123 131 H2 100 1100 0.05 7.5 20 803.703 0 Circulator

04-23 49 132 140 H2 100 1100 0.05 7.5 10 803.719 0 Circulator

04-23 49 141 149 H2 100 1100 0.05 7.5 5 803.732 0 Circulator

04-26 88 1530 1540 H2 100 1100 1 9.5 25 803.679 0 Circulator

04-26 91 1548 1552 H2 100 1100 1 9.5 25 803.783 0 Circulator

05-01 112 1555 1564 H2 100 1100 1 9.5 40 803.529 0 Hybr.

05-01 112 1565 1704 H2 100 1100 1 9.5 30 803.557 0 Hybr.

05-01 112 1708 1717 H2 100 1100 0.1 9.5 40 803.564 0 Hybr.

05-07 157 3568 3577 H2 100 1140 0.05 9.5 25 803.485 0 Hybr.

05-07 157 3578 3587 H2 100 1140 0.05 9.5 20 803.483 0 Hybr.

05-07 157 3588 3597 H2 100 1140 0.05 9.5 10 803.495 0 Hybr.

05-07 157 3598 3607 H2 100 1140 0.05 9.5 5 803.509 0 Hybr.

04-20 36 367 374 H2 100 1300 0.1 7.5 5 802.533 0 Circulator

04-20 36 377 384 H2 100 1300 0.1 7.5 10 802.546 0 Circulator

04-20 36 385 392 H2 100 1300 0.1 7.5 20 802.553 0 Circulator

04-20 36 393 401 H2 100 1300 0.1 7.5 25 802.549 0 Circulator

04-20 36 409 416 H2 100 1300 0.2 7.5 25 802.55 0 Circulator

04-20 36 417 424 H2 100 1300 0.2 7.5 20 802.56 0 Circulator

04-20 36 425 432 H2 100 1300 0.2 7.5 10 802.576 0 Circulator

04-20 36 433 440 H2 100 1300 0.2 7.5 5 802.594 0 Circulator

04-20 36 445 452 H2 100 1300 1 7.5 5 802.61 0 Circulator

04-20 36 453 461 H2 100 1300 1 7.5 10 802.618 0 Circulator

04-20 36 462 469 H2 100 1300 1 7.5 20 802.623 0 Circulator

04-20 36 470 477 H2 100 1300 1 7.5 25 802.619 0 Circulator

04-23 45 63 64 H2 100 1300 0.05 7.5 5 802.518 0 Circulator

04-23 47 69 78 H2 100 1300 0.05 7.5 5 802.527 0 Circulator

04-23 47 80 88 H2 100 1300 0.05 7.5 10 802.551 0 Circulator

04-23 47 89 97 H2 100 1300 0.05 7.5 20 802.558 0 Circulator

04-23 47 98 106 H2 100 1300 0.05 7.5 25 802.559 0 Circulator
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Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam

Int.

Beam

Length

(µs)

Elec.

Field

(MV/m)

Freq.

(MHz)

Mag.

Field

(T)

Circulator

/Hybr.

04-23 43 1 12 H2 100 1450 0.05 7.5 25 801.65 0 Circulator

04-26 92 1555 1562 H2 100 1470 1 9.5 25 801.635 0 Circulator

04-27 104 1773 1782 H2 100 1470 1 9.5 25 801.629 0 Circulator

04-27 104 1783 1793 H2 100 1470 1 9.5 20 801.63 0 Circulator

04-27 104 1794 1803 H2 100 1470 1 9.5 10 801.65 0 Circulator

04-27 104 1804 1813 H2 100 1470 1 9.5 5 801.673 0 Circulator

04-30 107 1814 1824 H2 100 1470 1 9.5 50 801.646 0 Hybr.

04-30 107 1825 1842 H2 100 1470 1 9.5 40 801.637 0 Hybr.

04-30 107 1843 1861 H2 100 1470 1 9.5 40 801.708 0 Hybr.

04-30 107 1862 1874 H2 100 1470 0.1 9.5 40 801.751 0 Hybr.

04-30 107 1876 1887 H2 100 1470 0.1 9.5 50 801.761 0 Hybr.

04-30 109 1888 1889 H2 100 1470 0.1 9.5 50 801.761 0 Hybr.

04-30 111 1890 1894 H2 100 1470 0.1 9.5 50 801.761 0 Hybr.

05-02 118 1796 1800 H2 100 1470 1 9.5 50 801.546 0 Hybr.

05-02 118 1801 1827 H2 100 1470 1 9.5 50 801.549 0 2 Hybr.

05-02 118 1828 1836 H2 100 1470 1 9.5 20 801.605 3 Hybr.

05-02 118 1837 1844 H2 100 1470 1 9.5 10 801.636 3 Hybr.

05-02 118 1845 1852 H2 100 1470 1 9.5 5 801.655 3 Hybr.

05-02 118 1854 1861 H2 100 1470 1 9.5 25 801.667 3 Hybr.

05-02 118 1863 1903 H2 100 1470 1 9.5 30 801.663 3 Hybr.

05-02 118 1904 1908 H2 100 1470 1 9.5 40 801.646 3 Hybr.

04-19 32 134 142 H2 100 1520 0.1 7.5 25 801.3 0 Circulator

04-19 32 143 152 H2 100 1520 0.1 7.5 20 801.3 0 Circulator

04-19 32 153 160 H2 100 1520 0.1 7.5 10 801.3 0 Circulator

04-19 32 162 170 H2 100 1520 0.1 7.5 5 801.331 0 Circulator

04-19 32 171 178 H2 100 1520 1 7.5 5 801.35 0 Circulator

04-19 32 180 188 H2 100 1520 1 7.5 10 801.36 0 Circulator

04-19 32 190 199 H2 100 1520 1 7.5 20 801.366 0 Circulator

04-19 32 201 209 H2 100 1520 1 7.5 25 801.37 0 Circulator

04-19 32 215 222 H2 100 1520 0.2 7.5 25 801.374 0 Circulator

04-19 32 223 230 H2 100 1520 0.2 7.5 20 801.384 0 Circulator

04-19 32 232 239 H2 100 1520 0.2 7.5 10 801.398 0 Circulator

04-19 32 241 248 H2 100 1520 0.2 7.5 5 801.419 0 Circulator

04-23 44 17 25 H2 100 1520 0.05 7.5 25 801.27 0 Circulator

04-23 44 26 33 H2 100 1520 0.05 7.5 20 801.256 0 Circulator

04-23 44 34 49 H2 100 1520 0.05 7.5 10 801.284 0 Circulator

04-23 44 50 60 H2 100 1520 0.05 7.5 5 801.338 0 Circulator

04-19 27 H2 100 7.5 803.664 0 Circulator

04-19 28 H2 100 7.5 803.67 0 Circulator

04-24 72 749 758 H2+Air 0.04 300 1 9.5 18 808.321 0 Circulator
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End
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Gas
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Int.

Beam
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Mag.
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(T)

Circulator

/Hybr.

04-24 72 759 768 H2+Air 0.04 300 1 9.5 10 808.252 0 Circulator

04-24 72 769 778 H2+Air 0.04 300 1 9.5 5 808.206 0 Circulator

05-02 123 1955 1959 H2+Air 0.04 300 1 9.5 18 808.455 3 Hybr.

05-02 123 1960 1964 H2+Air 0.04 300 1 9.5 10 808.449 3 Hybr.

05-03 132 2875 2883 H2+Air 0.04 300 0.2 9.5 10 808.441 0 Hybr.

05-03 133 2884 2885 H2+Air 0.04 300 0.2 9.5 10 808.441 0 Hybr.

05-03 133 2886 2895 H2+Air 0.04 300 0.2 9.5 18 808.444 0 Hybr.

04-24 70 672 684 H2+Air 0.2 300 1 9.5 18 808.316 0 Circulator

04-24 70 686 696 H2+Air 0.2 300 1 9.5 10 808.22 0 Circulator

04-24 70 698 708 H2+Air 0.2 300 1 9.5 5 808.188 0 Circulator

05-02 121 1933 1937 H2+Air 0.2 300 1 9.5 18 808.399 3 Hybr.

05-02 121 1939 1943 H2+Air 0.2 300 1 9.5 10 808.393 3 Hybr.

05-03 143 3127 3136 H2+Air 0.2 300 0.2 9.5 10 808.433 0 Hybr.

05-03 143 3137 3149 H2+Air 0.2 300 0.2 9.5 18 808.422 0 Hybr.

04-24 68 597 607 H2+Air 1 300 1 9.5 18 808.461 0 Circulator

04-24 68 608 617 H2+Air 1 300 1 9.5 10 808.448 0 Circulator

04-24 68 618 627 H2+Air 1 300 1 9.5 5 808.452 0 Circulator

05-03 137 2994 3003 H2+Air 1 300 0.2 9.5 10 808.398 0 Hybr.

05-03 137 3004 3013 H2+Air 1 300 0.2 9.5 18 808.396 0 Hybr.

04-24 65 478 488 H2+Air 5 300 1 9.5 5 808.34 0 Circulator

04-24 65 490 499 H2+Air 5 300 1 9.5 10 808.34 0 Circulator

04-24 65 500 512 H2+Air 5 300 1 9.5 18 808.335 0 Circulator

04-24 58 307 321 H2+Air 10 735 1 9.5 25 805.037 0 Circulator

04-24 58 322 331 H2+Air 10 735 1 9.5 20 805.034 0 Circulator

04-24 58 332 340 H2+Air 10 735 1 9.5 10 805.06 0 Circulator

04-24 58 341 350 H2+Air 10 735 1 9.5 5 805.08 0 Circulator

05-03 131 2843 2852 H2+Air 0.04 800 0.2 9.5 10 805.452 0 Hybr.

05-03 131 2854 2863 H2+Air 0.04 800 0.2 9.5 25 805.448 0 Hybr.

05-03 131 2864 2874 H2+Air 0.04 800 0.2 9.5 40 805.419 0 Hybr.

05-03 141 3077 3086 H2+Air 0.2 800 0.2 9.5 10 805.432 0 Hybr.

05-03 141 3088 3099 H2+Air 0.2 800 0.2 9.5 20 805.43 0 Hybr.

05-03 142 3116 3125 H2+Air 0.2 800 0.2 9.5 25 805.421 0 Hybr.

05-03 136 2964 2973 H2+Air 1 800 0.2 9.5 10 805.378 0 Hybr.

05-03 136 2974 2983 H2+Air 1 800 0.2 9.5 25 805.376 0 Hybr.

05-03 136 2984 2993 H2+Air 1 800 0.2 9.5 40 805.341 0 Hybr.

05-03 129 2316 2328 H2+Air 0.04 1100 1 9.5 40 803.711 3 Hybr.

05-03 129 2329 2339 H2+Air 0.04 1100 1 9.5 25 803.594 3 Hybr.

05-03 129 2341 2350 H2+Air 0.04 1100 1 9.5 10 803.722 3 Hybr.

05-03 129 2351 2351 H2+Air 0.04 1100 1 9.5 10 803.749 2.96 Hybr.

05-03 129 2352 2352 H2+Air 0.04 1100 1 9.5 10 803.753 2.92 Hybr.
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Circulator
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05-03 129 2353 2397 H2+Air 0.04 1100 1 9.5 10 803.754 2.88

2.69

Hybr.

05-03 129 2398 2401 H2+Air 0.04 1100 1 9.5 10 803.757 2.65

2.54

Hybr.

05-03 129 2402 2409 H2+Air 0.04 1100 1 9.5 10 803.761 2.5

2.2

Hybr.

05-03 129 2410 2414 H2+Air 0.04 1100 1 9.5 10 803.764 2.17

2.03

Hybr.

05-03 129 2415 2417 H2+Air 0.04 1100 1 9.5 10 803.768 2.01

1.94

Hybr.

05-03 129 2418 2423 H2+Air 0.04 1100 1 9.5 10 803.769 1.92

1.77

Hybr.

05-03 129 2424 2425 H2+Air 0.04 1100 1 9.5 10 803.773 1.74

1.65

Hybr.

05-03 129 2495 2683 H2+Air 0.04 1100 1 9.5 10 803.775 1.59

1.48

Hybr.

05-03 129 2684 2693 H2+Air 0.04 1100 1 9.5 10 803.778 1.46

1.17

Hybr.

05-03 129 2694 2706 H2+Air 0.04 1100 1 9.5 10 803.784 1.15

0.85

Hybr.

05-03 129 2707 2726 H2+Air 0.04 1100 1 9.5 10 803.791 0.83

0.39

Hybr.

05-03 129 2727 2733 H2+Air 0.04 1100 1 9.5 10 803.803 0.37

0.26

Hybr.

05-03 129 2734 2752 H2+Air 0.04 1100 1 9.5 10 803.806 0.25

0

Hybr.

05-03 130 2754 2763 H2+Air 0.04 1100 0.2 9.5 10 803.821 0 Hybr.

05-03 130 2765 2831 H2+Air 0.04 1100 0.2 9.5 25 803.825 0 Hybr.

05-03 130 2833 2842 H2+Air 0.04 1100 0.2 9.5 40 803.804 0 Hybr.

05-03 128 2284 2293 H2+Air 0.2 1100 1 9.5 10 803.687 3 Hybr.

05-03 128 2296 2305 H2+Air 0.2 1100 1 9.5 25 803.687 3 Hybr.

05-03 128 2306 2315 H2+Air 0.2 1100 1 9.5 40 803.656 3 Hybr.

05-03 139 3043 3052 H2+Air 0.2 1100 0.2 9.5 10 803.697 0 Hybr.

05-03 139 3053 3064 H2+Air 0.2 1100 0.2 9.5 25 803.698 0 Hybr.

05-03 139 3065 3076 H2+Air 0.2 1100 0.2 9.5 40 803.68 0 Hybr.

04-24 67 555 565 H2+Air 1 1100 1 9.5 25 803.473 0 Circulator

04-24 67 566 575 H2+Air 1 1100 1 9.5 20 803.474 0 Circulator

04-24 67 576 585 H2+Air 1 1100 1 9.5 10 803.486 0 Circulator

04-24 67 586 596 H2+Air 1 1100 1 9.5 5 803.487 0 Circulator

05-03 127 2255 2264 H2+Air 1 1100 1 9.5 10 803.525 3 Hybr.

05-03 127 2265 2273 H2+Air 1 1100 1 9.5 25 803.484 3 Hybr.

05-03 127 2274 2283 H2+Air 1 1100 1 9.5 40 803.421 3 Hybr.

05-03 135 2934 2943 H2+Air 1 1100 0.2 9.5 10 803.614 0 Hybr.



175

Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam
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05-03 135 2944 2953 H2+Air 1 1100 0.2 9.5 25 803.615 0 Hybr.

05-03 135 2954 2963 H2+Air 1 1100 0.2 9.5 40 803.595 0 Hybr.

04-24 62 436 445 H2+Air 5 1100 1 9.5 25 803.006 0 Circulator

04-24 62 446 457 H2+Air 5 1100 1 9.5 20 803.007 0 Circulator

04-24 62 458 466 H2+Air 5 1100 1 9.5 10 803.019 0 Circulator

04-24 62 467 476 H2+Air 5 1100 1 9.5 5 803.038 0 Circulator

04-24 59 351 361 H2+Air 6.78 1100 1 9.5 25 802.921 0 Circulator

04-24 59 362 372 H2+Air 6.78 1100 1 9.5 20 802.924 0 Circulator

04-24 59 373 382 H2+Air 6.78 1100 1 9.5 10 802.947 0 Circulator

04-24 59 383 392 H2+Air 6.78 1100 1 9.5 5 802.971 0 Circulator

05-03 144 3150 3159 H2+Air 0.022 1385 0.2 9.5 10 802.158 0 Hybr.

05-03 144 3160 3170 H2+Air 0.022 1385 0.2 9.5 25 802.163 0 Hybr.

05-03 144 3172 3182 H2+Air 0.022 1385 0.2 9.5 40 802.147 0 Hybr.

05-03 144 3183 3192 H2+Air 0.022 1385 0.2 9.5 50 802.128 0 Hybr.

04-24 71 709 718 H2+Air 0.04 1450 1 9.5 25 801.678 0 Circulator

04-24 71 719 728 H2+Air 0.04 1450 1 9.5 20 801.665 0 Circulator

04-24 71 729 738 H2+Air 0.04 1450 1 9.5 10 801.683 0 Circulator

04-24 71 739 748 H2+Air 0.04 1450 1 9.5 5 801.703 0 Circulator

04-24 69 628 640 H2+Air 0.2 1450 1 9.5 25 801.642 0 Circulator

04-24 69 641 650 H2+Air 0.2 1450 1 9.5 20 801.637 0 Circulator

04-24 69 651 659 H2+Air 0.2 1450 1 9.5 10 801.65 0 Circulator

04-24 69 660 670 H2+Air 0.2 1450 1 9.5 5 801.773 0 Circulator

04-24 61 393 403 H2+Air 5 1450 1 9.5 25 800.884 0 Circulator

04-24 61 404 413 H2+Air 5 1450 1 9.5 20 800.894 0 Circulator

04-24 61 414 424 H2+Air 5 1450 1 9.5 10 800.911 0 Circulator

04-24 61 425 435 H2+Air 5 1450 1 9.5 5 800.93 0 Circulator

04-27 102 1603 1612 H2+Air 0.001 1470 1 9.5 25 801.606 0 Circulator

04-27 102 1613 1622 H2+Air 0.001 1470 1 9.5 20 801.615 0 Circulator

04-27 102 1752 1762 H2+Air 0.001 1470 1 9.5 10 801.637 0 Circulator

04-27 102 1763 1772 H2+Air 0.001 1470 1 9.5 5 801.662 0 Circulator

04-27 99 1562 1572 H2+Air 0.002 1470 1 9.5 25 801.612 0 Circulator

04-27 99 1573 1582 H2+Air 0.002 1470 1 9.5 20 801.621 0 Circulator

04-27 99 1583 1592 H2+Air 0.002 1470 1 9.5 10 801.642 0 Circulator

04-27 101 1593 1602 H2+Air 0.002 1470 1 9.5 5 801.667 0 Circulator

04-27 98 1553 1562 H2+Air 0.01 1470 1 9.5 25 801.608 0 Circulator

04-27 97 1543 1552 H2+Air 0.025 1470 1 9.5 25 801.596 0 Circulator

05-02 122 1945 1949 H2+Air 0.04 1470 1 9.5 25 801.691 3 Hybr.

05-02 122 1950 1954 H2+Air 0.04 1470 1 9.5 50 801.667 3 Hybr.

04-27 95 1563 1570 H2+Air 0.05 1470 1 9.5 25 801.596 0 Circulator

05-02 120 1921 1925 H2+Air 0.2 1470 1 9.5 25 801.706 3 Hybr.
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05-02 120 1926 1931 H2+Air 0.2 1470 1 9.5 50 801.666 3 Hybr.

05-03 138 3014 3022 H2+Air 0.2 1470 0.2 9.5 10 801.672 0 Hybr.

05-03 138 3023 3032 H2+Air 0.2 1470 0.2 9.5 25 801.683 0 Hybr.

05-03 138 3033 3042 H2+Air 0.2 1470 0.2 9.5 40 801.664 0 Hybr.

04-24 66 514 524 H2+Air 1 1470 1 9.5 25 801.46 0 Circulator

04-24 66 525 534 H2+Air 1 1470 1 9.5 20 801.45 0 Circulator

04-24 66 535 544 H2+Air 1 1470 1 9.5 10 801.457 0 Circulator

04-24 66 545 554 H2+Air 1 1470 1 9.5 5 801.471 0 Circulator

05-02 119 1909 1915 H2+Air 1 1470 1 9.5 50 801.476 3 Hybr.

05-02 119 1916 1920 H2+Air 1 1470 1 9.5 25 801.447 3 Hybr.

05-03 134 2896 2907 H2+Air 1 1470 0.2 9.5 10 801.623 0 Hybr.

05-03 134 2914 2923 H2+Air 1 1470 0.2 9.5 25 801.623 0 Hybr.

05-03 134 2924 2933 H2+Air 1 1470 0.2 9.5 40 801.619 0 Hybr.

05-03 126 2193 2200 H2+N2 1 1100 1 9.5 10 803.633 0 Hybr.

05-03 126 2201 2208 H2+N2 1 1100 1 9.5 10 803.633 0.11

0.59

Hybr.

05-03 126 2209 2213 H2+N2 1 1100 1 9.5 10 803.644 0.67

1

Hybr.

05-03 126 2214 2223 H2+N2 1 1100 1 9.5 10 803.648 1.07

1.59

Hybr.

05-03 126 2224 2227 H2+N2 1 1100 1 9.5 10 803.653 1.63

1.85

Hybr.

05-03 126 2228 2235 H2+N2 1 1100 1 9.5 10 803.655 1.91

2.24

Hybr.

05-03 126 2236 2241 H2+N2 1 1100 1 9.5 10 803.659 2.59

2.80

Hybr.

05-03 126 2242 2244 H2+N2 1 1100 1 9.5 10 803.663 2.87

2.96

Hybr.

05-03 126 2245 2254 H2+N2 1 1100 1 9.5 10 803.648 3 Hybr.

04-25 87 1502 1511 H2+SF6 0.00004 300 1 9.5 18 808.439 0 Circulator

04-25 87 1512 1519 H2+SF6 0.00004 300 1 9.5 10 808.448 0 Circulator

04-25 87 1520 1529 H2+SF6 0.00004 300 1 9.5 5 808.448 0 Circulator

04-25 84 1188 1321 H2+SF6 0.0002 300 1 9.5 18 808.467 0 Circulator

04-25 84 1322 1406 H2+SF6 0.0002 300 1 9.5 10 808.472 0 Circulator

04-25 84 1407 1416 H2+SF6 0.0002 300 1 9.5 5 808.472 0 Circulator

04-25 81 1045 1055 H2+SF6 0.002 300 1 9.5 18 808.461 0 Circulator

04-25 81 1056 1066 H2+SF6 0.002 300 1 9.5 10 808.449 0 Circulator

04-25 81 1067 1076 H2+SF6 0.002 300 1 9.5 5 808.458 0 Circulator

04-25 78 931 941 H2+SF6 0.01 300 1 9.5 18 808.441 0 Circulator

04-25 78 942 950 H2+SF6 0.01 300 1 9.5 10 808.433 0 Circulator

04-25 78 951 960 H2+SF6 0.01 300 1 9.5 5 808.443 0 Circulator

04-25 73 779 787 H2+SF6 0.5 300 1 9.5 5 806.53 0 Circulator



177

Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam

Int.

Beam

Length

(µs)

Elec.

Field

(MV/m)

Freq.

(MHz)

Mag.

Field

(T)

Circulator

/Hybr.

04-25 73 788 796 H2+SF6 0.5 300 1 9.5 10 806.551 0 Circulator

04-25 73 797 805 H2+SF6 0.5 300 1 9.5 18 806.589 0 Circulator

04-25 86 1460 1469 H2+SF6 0.00004 1100 1 9.5 25 803.648 0 Circulator

04-25 86 1470 1479 H2+SF6 0.00004 1100 1 9.5 20 803.657 0 Circulator

04-25 86 1480 1490 H2+SF6 0.00004 1100 1 9.5 10 803.678 0 Circulator

04-25 86 1492 1501 H2+SF6 0.00004 1100 1 9.5 5 803.685 0 Circulator

04-25 83 1136 1145 H2+SF6 0.0002 1100 1 9.5 5 803.645 0 Circulator

04-25 83 1146 1165 H2+SF6 0.0002 1100 1 9.5 10 803.649 0 Circulator

04-25 83 1166 1175 H2+SF6 0.0002 1100 1 9.5 20 803.654 0 Circulator

04-25 83 1176 1186 H2+SF6 0.0002 1100 1 9.5 25 803.649 0 Circulator

04-25 80 1003 1012 H2+SF6 0.002 1100 1 9.5 25 803.571 0 Circulator

04-25 80 1014 1024 H2+SF6 0.002 1100 1 9.5 20 803.562 0 Circulator

04-25 80 1025 1034 H2+SF6 0.002 1100 1 9.5 10 803.576 0 Circulator

04-25 80 1035 1044 H2+SF6 0.002 1100 1 9.5 5 803.594 0 Circulator

04-25 77 873 882 H2+SF6 0.01 1100 1 9.5 25 803.44 0 Circulator

04-25 77 883 892 H2+SF6 0.01 1100 1 9.5 20 803.447 0 Circulator

04-25 77 901 914 H2+SF6 0.01 1100 1 9.5 10 803.483 0 Circulator

04-25 77 916 930 H2+SF6 0.01 1100 1 9.5 5 803.508 0 Circulator

04-25 85 1417 1427 H2+SF6 0.00004 1450 1 9.5 25 801.736 0 Circulator

04-25 85 1428 1437 H2+SF6 0.00004 1450 1 9.5 20 801.745 0 Circulator

04-25 85 1438 1449 H2+SF6 0.00004 1450 1 9.5 10 801.777 0 Circulator

04-25 85 1450 1459 H2+SF6 0.00004 1450 1 9.5 5 801.789 0 Circulator

04-25 76 833 842 H2+SF6 0.01 1450 1 9.5 25 801.501 0 Circulator

04-25 76 843 852 H2+SF6 0.01 1450 1 9.5 20 801.494 0 Circulator

04-25 76 853 862 H2+SF6 0.01 1450 1 9.5 10 801.489 0 Circulator

04-25 76 863 872 H2+SF6 0.01 1450 1 9.5 5 801.488 0 Circulator

04-25 74 806 810 H2+SF6 0.1 1450 1 9.5 25 800.101 0 Circulator

04-25 75 811 815 H2+SF6 0.1 1450 1 9.5 25 799.911 0 Circulator

04-25 75 816 820 H2+SF6 0.1 1450 1 9.5 20 799.892 0 Circulator

04-25 75 821 825 H2+SF6 0.1 1450 1 9.5 10 799.881 0 Circulator

04-25 75 826 832 H2+SF6 0.1 1450 1 9.5 5 799.86 0 Circulator

04-25 82 1077 1087 H2+SF6 0.0002 1470 1 9.5 25 801.636 0 Circulator

04-25 82 1088 1111 H2+SF6 0.0002 1470 1 9.5 20 801.642 0 Circulator

04-25 82 1112 1121 H2+SF6 0.0002 1470 1 9.5 10 801.689 0 Circulator

04-25 82 1122 1135 H2+SF6 0.0002 1470 1 9.5 5 801.695 0 Circulator

04-25 79 961 971 H2+SF6 0.002 1470 1 9.5 25 801.577 0 Circulator

04-25 79 972 982 H2+SF6 0.002 1470 1 9.5 20 801.587 0 Circulator

04-25 79 983 992 H2+SF6 0.002 1470 1 9.5 10 801.603 0 Circulator

04-25 79 993 1002 H2+SF6 0.002 1470 1 9.5 5 801.622 0 Circulator

05-08 161 3778 3787 He 100 1470 1 9.5 8.9 808.545 0 Hybr.
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Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam

Int.

Beam

Length

(µs)

Elec.

Field

(MV/m)

Freq.

(MHz)

Mag.

Field

(T)

Circulator

/Hybr.

05-08 161 3788 3797 He 100 1470 1 9.5 5 808.55 0 Hybr.

05-08 161 3798 3807 He 100 1470 0.2 9.5 5 808.55 0 Hybr.

05-08 161 3808 3817 He 100 1470 0.2 9.5 8.9 808.559 0 Hybr.

05-08 160 3698 3707 He+Air 1 1470 1 9.5 25 808.124 0 Hybr.

05-08 160 3708 3717 He+Air 1 1470 1 9.5 20 808.131 0 Hybr.

05-08 160 3718 3727 He+Air 1 1470 1 9.5 10 808.148 0 Hybr.

05-08 160 3728 3737 He+Air 1 1470 1 9.5 5 808.157 0 Hybr.

05-08 160 3738 3747 He+Air 1 1470 0.2 9.5 5 808.157 0 Hybr.

05-08 160 3748 3757 He+Air 1 1470 0.2 9.5 10 808.166 0 Hybr.

05-08 160 3758 3767 He+Air 1 1470 0.2 9.5 20 808.163 0 Hybr.

05-08 160 3768 3777 He+Air 1 1470 0.2 9.5 25 808.15 0 Hybr.

04-13 1 N2 100 500 803.372 0 Circulator

04-13 3 N2 100 500 803.372 0 Circulator

04-13 4 N2 100 500 803.381 0 Circulator

04-13 5 N2 100 500 803.385 0 Circulator

05-08 162 3818 3827 N2 100 700 1 9.5 25 800.477 0 Hybr.

05-08 162 3828 3837 N2 100 700 1 9.5 20 800.477 0 Hybr.

05-08 162 3838 3848 N2 100 700 1 9.5 10 800.491 0 Hybr.

05-08 162 3849 3860 N2 100 700 1 9.5 5 800.507 0 Hybr.

05-01 117 1788 1795 N2+Air 0.1 700 1 9.5 10 800.578 0 Hybr.

05-01 116 1779 1787 N2+Air 1 700 1 9.5 10 800.525 0 Hybr.

05-01 115 1771 1778 N2+Air 10 700 1 9.5 10 800.691 0 Hybr.

05-01 114 1762 1770 N2+Air 35.7 700 1 9.5 10 800.77 0 Hybr.
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Table C.1. Fitted time constants.

Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam

Int.

Beam

Length

(µs)

Elec.

Field

(MV/m)

Freq.

(MHz)

Circ.

/Hybr.

B τ (µs)B τ error

(µs)

E τ (µs) E τ error

(µs)

04/18 17 47 58 H2 100 800 1 9.5 10 805.5 Circ. 1.8797

04/18 17 60 69 H2 100 800 1 9.5 5 805.51 Circ. 1.9258

04/18 23 0 7 H2 100 800 0.2 9.5 5 805.55 Circ. 1.9258

04/18 23 9 16 H2 100 800 0.2 9.5 10 805.54 Circ. 1.8797

04/18 24 24 33 H2 100 800 0.1 9.5 10 805.55 Circ. 1.8797

04/18 24 34 43 H2 100 800 0.1 9.5 5 805.57 Circ. 1.9258

04/18 24 44 48 H2 100 800 0.05 9.5 10 805.57 Circ. 1.8797

04/19 29 17 26 H2 100 1100 1 7.5 25 803.67 Circ. 1.8799 0.0008 1.6482 0.0464

04/19 29 28 37 H2 100 1100 1 7.5 20 803.67 Circ. 1.8799 0.0008 1.6482 0.0464

04/19 31 40 47 H2 100 1100 1 7.5 10 803.73 Circ. 2.4086

04/19 31 48 54 H2 100 1100 1 7.5 5 803.74 Circ. 2.4325

04/19 31 55 62 H2 100 1100 0.2 7.5 5 803.74 Circ. 2.4325

04/19 31 65 73 H2 100 1100 0.2 7.5 10 803.76 Circ. 2.4086

04/19 31 75 82 H2 100 1100 0.2 7.5 20 803.76 Circ. 2.0944

04/19 31 83 90 H2 100 1100 0.2 7.5 25 803.76 Circ. 2.0586

04/19 31 101 108 H2 100 1100 0.1 7.5 25 803.757 Circ. 2.0586

04/19 31 109 116 H2 100 1100 0.1 7.5 20 803.76 Circ. 2.0944

04/19 31 117 125 H2 100 1100 0.1 7.5 10 803.78 Circ. 2.4086

04/19 31 126 133 H2 100 1100 0.1 7.5 5 803.79 Circ. 2.4325

04/19 32 134 142 H2 100 1520 0.1 7.5 25 801.3 Circ. 1.9239

04/19 32 143 152 H2 100 1520 0.1 7.5 20 801.3 Circ. 1.8396

04/19 32 153 160 H2 100 1520 0.1 7.5 10 801.3 Circ. 1.8143

04/19 32 162 170 H2 100 1520 0.1 7.5 5 801.331 Circ. 1.8619

04/19 32 171 178 H2 100 1520 1 7.5 5 801.35 Circ. 1.8619

04/19 32 180 188 H2 100 1520 1 7.5 10 801.36 Circ. 1.8143

04/19 32 190 199 H2 100 1520 1 7.5 20 801.366 Circ. 1.8396

04/19 32 201 209 H2 100 1520 1 7.5 25 801.37 Circ. 1.9239

04/19 32 215 222 H2 100 1520 0.2 7.5 25 801.374 Circ. 1.9239

04/19 32 223 230 H2 100 1520 0.2 7.5 20 801.384 Circ. 1.8396

04/19 32 232 239 H2 100 1520 0.2 7.5 10 801.398 Circ. 1.8143

04/19 32 241 248 H2 100 1520 0.2 7.5 5 801.419 Circ. 1.8619

04/20 35 252 261 H2 100 950 1 7.5 25 804.562 Circ. 1.8799 0.0008 1.8819 0.0007

04/20 35 263 271 H2 100 950 1 7.5 20 804.57 Circ. 2.0058

04/20 35 272 279 H2 100 950 1 7.5 10 804.578 Circ. 2.0033 0.0058 1.9860 0.0055

04/20 35 281 289 H2 100 950 1 7.5 5 804.598 Circ. 2.0037 0.0041 2.0173 0.0040

04/20 35 294 302 H2 100 950 0.2 7.5 5 804.598 Circ. 1.9876 0.0050 2.0030 0.0036

04/20 35 305 313 H2 100 950 0.2 7.5 10 804.617 Circ. 2.0012 0.0034 2.0247 0.0030

04/20 35 315 322 H2 100 950 0.2 7.5 20 804.619 Circ. 1.9306 0.0018 1.9586 0.0018
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Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam

Int.

Beam

Length

(µs)

Elec.

Field

(MV/m)

Freq.

(MHz)

Circ.

/Hybr.

B τ (µs)B τ error

(µs)

E τ (µs) E τ error

(µs)

04/20 35 323 330 H2 100 950 0.2 7.5 25 804.61 Circ. 1.8943 0.0015 1.9008 0.0016

04/20 35 334 341 H2 100 950 0.1 7.5 25 804.61 Circ. 1.8922 0.0015 1.9041 0.0017

04/20 35 342 349 H2 100 950 0.1 7.5 20 804.611 Circ. 1.9587 0.0020 1.9606 0.0020

04/20 35 350 357 H2 100 950 0.1 7.5 10 804.625 Circ. 2.0316 0.0023 2.0435 0.0025

04/20 35 358 365 H2 100 950 0.1 7.5 5 804.642 Circ. 2.0665

04/20 36 367 374 H2 100 1300 0.1 7.5 5 802.533 Circ. 1.9267 0.0027 1.9326 0.0029

04/20 36 377 384 H2 100 1300 0.1 7.5 10 802.546 Circ. 1.9071 0.0022 1.9053 0.0024

04/20 36 385 392 H2 100 1300 0.1 7.5 20 802.553 Circ. 1.8564 0.0026 1.8604 0.0030

04/20 36 393 401 H2 100 1300 0.1 7.5 25 802.549 Circ. 1.8877

04/20 36 409 416 H2 100 1300 0.2 7.5 25 802.55 Circ. 1.8372 0.0024 1.8357 0.0028

04/20 36 417 424 H2 100 1300 0.2 7.5 20 802.56 Circ. 1.8942 0.0025 1.8843 0.0026

04/20 36 425 432 H2 100 1300 0.2 7.5 10 802.576 Circ. 1.9945 0.0025 1.9834 0.0026

04/20 36 433 440 H2 100 1300 0.2 7.5 5 802.594 Circ. 2.0229

04/20 36 445 452 H2 100 1300 1 7.5 5 802.61 Circ. 2.0884 0.0028 2.0687 0.0029

04/20 36 453 461 H2 100 1300 1 7.5 10 802.618 Circ. 2.0830 0.0025 2.0625 0.0025

04/20 36 462 469 H2 100 1300 1 7.5 20 802.623 Circ. 2.0261 0.0025 2.0032 0.0027

04/20 36 470 477 H2 100 1300 1 7.5 25 802.619 Circ. 1.4362 0.0539 1.5543 0.0504

04/21 37 478 485 H2 100 300 1 7.5 5 808.525 Circ. 2.1263

04/21 37 487 494 H2 100 300 1 7.5 10 808.525 Circ. 2.1445

04/21 37 495 502 H2 100 300 1 7.5 18 808.517 Circ. 2.1721

04/21 39 505 512 H2 100 300 0.2 7.5 18 808.517 Circ. 2.1721

04/21 39 540 546 H2 100 300 0.2 7.5 10 808.51 Circ. 2.1445

04/21 39 548 555 H2 100 300 0.2 7.5 5 808.52 Circ. 2.1263

04/21 39 557 564 H2 100 300 0.1 7.5 5 808.522 Circ. 2.1263

04/21 39 566 573 H2 100 300 0.1 7.5 10 808.525 Circ. 2.1445

04/21 39 575 582 H2 100 300 0.1 7.5 18 808.521 Circ. 2.1721

04/21 41 583 590 H2 100 500 0.1 7.5 5 807.245 Circ. 2.5662

04/21 41 596 603 H2 100 500 0.1 7.5 10 807.25 Circ. 2.6326

04/21 41 604 611 H2 100 500 0.1 7.5 20 807.246 Circ. 2.6585

04/21 41 612 619 H2 100 500 0.1 7.5 25 807.231 Circ. 2.7185

04/21 41 620 627 H2 100 500 0.2 7.5 25 807.221 Circ. 2.7185

04/21 41 630 637 H2 100 500 0.2 7.5 20 807.229 Circ. 2.6585

04/21 41 638 645 H2 100 500 0.2 7.5 10 807.235 Circ. 2.6326

04/21 41 646 653 H2 100 500 0.2 7.5 5 807.244 Circ. 2.5662

04/21 41 654 661 H2 100 500 1 7.5 5 807.249 Circ. 2.5662

04/21 41 662 669 H2 100 500 1 7.5 10 807.254 Circ. 2.6326

04/21 41 670 677 H2 100 500 1 7.5 20 807.25 Circ. 2.6585

04/21 41 678 685 H2 100 500 1 7.5 25 807.254 Circ. 2.7185

04/22 42 686 692 H2 100 800 1 7.5 5 805.463 Circ. 1.9258

04/22 42 693 700 H2 100 800 1 7.5 10 805.466 Circ. 1.8797



182

Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam
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Beam
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(µs)
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Field

(MV/m)

Freq.

(MHz)

Circ.

/Hybr.

B τ (µs)B τ error

(µs)

E τ (µs) E τ error

(µs)

04/22 42 709 716 H2 100 800 1 7.5 25 805.458 Circ. 1.8238

04/22 42 720 727 H2 100 800 0.2 7.5 25 805.458 Circ. 1.8238

04/22 42 736 743 H2 100 800 0.2 7.5 10 805.47 Circ. 1.8797

04/22 42 744 751 H2 100 800 0.2 7.5 5 805.482 Circ. 1.9258

04/22 42 754 761 H2 100 800 0.1 7.5 5 805.482 Circ. 1.9258

04/22 42 762 769 H2 100 800 0.1 7.5 10 805.495 Circ. 1.8797

04/22 42 780 787 H2 100 800 0.1 7.5 25 805.486 Circ. 1.8238

04/23 44 17 24 H2 100 1520 0.05 7.5 25 801.27 Circ. 1.9239 0.0019 1.9051 0.0013

04/23 44 26 32 H2 100 1520 0.05 7.5 20 801.256 Circ. 1.8396 0.0030 1.8319 0.0024

04/23 44 34 41 H2 100 1520 0.05 7.5 10 801.284 Circ. 1.8143 0.0019

04/23 44 50 57 H2 100 1520 0.05 7.5 5 801.338 Circ. 1.8619 0.0031 1.8723 0.0030

04/23 45 63 64 H2 100 1300 0.05 7.5 5 802.518 Circ. 2.0229

04/23 47 69 76 H2 100 1300 0.05 7.5 5 802.527 Circ. 2.0538 0.0028 2.0643 0.0026

04/23 47 80 87 H2 100 1300 0.05 7.5 10 802.551 Circ. 2.0526 0.0029 2.0594 0.0027

04/23 47 89 96 H2 100 1300 0.05 7.5 20 802.558 Circ. 2.0014 0.0032 2.0136 0.0030

04/23 47 98 105 H2 100 1300 0.05 7.5 25 802.559 Circ. 2.2951 0.0038 2.3417 0.0058

04/23 49 111 121 H2 100 1100 0.05 7.5 25 803.71 Circ. 2.2364 0.0028 2.2340 0.0019

04/23 49 123 130 H2 100 1100 0.05 7.5 20 803.703 Circ. 2.3088 0.0029 2.3169 0.0023

04/23 49 132 139 H2 100 1100 0.05 7.5 10 803.719 Circ. 2.4086 0.0028 2.3940 0.0022

04/23 49 141 148 H2 100 1100 0.05 7.5 5 803.732 Circ. 2.4325 0.0027 2.4384 0.0023

04/23 50 150 158 H2 100 950 0.05 7.5 5 804.628 Circ. 2.2082 0.0020 2.2025 0.0016

04/23 50 160 167 H2 100 950 0.05 7.5 10 804.637 Circ. 2.1928 0.0019 2.1924 0.0016

04/23 50 172 180 H2 100 950 0.05 7.5 20 804.634 Circ. 2.1283 0.0022 2.1248 0.0019

04/23 50 182 189 H2 100 950 0.05 7.5 25 804.629 Circ. 2.0758 0.0019 2.0671 0.0018

04/23 51 191 203 H2 100 800 0.05 7.5 25 805.413 Circ. 1.8238 0.0024 1.8486 0.0020

04/23 51 213 220 H2 100 800 0.05 7.5 10 805.4 Circ. 1.8658 0.0024

04/23 53 226 226 H2 100 800 0.05 7.5 10 805.4 Circ. 1.8936 0.0016 1.9116 0.0010

04/23 53 227 234 H2 100 800 0.05 7.5 5 805.414 Circ. 1.9258 0.0016 1.9458 0.0011

04/23 54 237 244 H2 100 500 0.05 7.5 5 807.24 Circ. 2.5662 0.0031 2.5610 0.0025

04/23 54 246 253 H2 100 500 0.05 7.5 10 807.238 Circ. 2.6326 0.0037 2.6274 0.0028

04/23 54 255 262 H2 100 500 0.05 7.5 20 807.234 Circ. 2.6585 0.0048 2.6920 0.0032

04/23 54 265 272 H2 100 500 0.05 7.5 25 807.221 Circ. 2.7185 0.0043 2.7261 0.0030

04/23 55 275 282 H2 100 300 0.05 7.5 5 808.491 Circ. 2.1263 0.0029 2.1288 0.0023

04/23 55 286 293 H2 100 300 0.05 7.5 10 808.492 Circ. 2.1445 0.0034 2.1426 0.0032

04/23 55 296 303 H2 100 300 0.05 7.5 18 808.489 Circ. 2.1721 0.1463 2.1779 0.1513

04/26 88 1530 1538 H2 100 1100 1 9.5 25 803.679 Circ. 2.0594 0.0019 2.0643 0.0014

04/26 91 1548 1552 H2 100 1100 1 9.5 25 803.783 Circ. 2.0586

04/26 92 1555 1562 H2 100 1470 1 9.5 25 801.635 Circ. 2.4281

04/27 104 1773 1780 H2 100 1470 1 9.5 25 801.629 Circ. 2.4281 0.0024 2.4391 0.0019

04/27 104 1783 1791 H2 100 1470 1 9.5 20 801.63 Circ. 2.4810 0.0024 2.5058 0.0020
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04/27 104 1794 1801 H2 100 1470 1 9.5 10 801.65 Circ. 2.5312 0.0019 2.5468 0.0023

04/27 104 1804 1811 H2 100 1470 1 9.5 5 801.673 Circ. 2.5646 0.0019 2.5728 0.0016

04/30 107 1814 1822 H2 100 1470 1 9.5 50 801.646 Hybr. 3.9090 0.0101 3.9256 0.0083

04/30 107 1825 1842 H2 100 1470 1 9.5 40 801.637 Hybr. 3.6899 0.0087 3.6868 0.0072

04/30 107 1843 1857 H2 100 1470 1 9.5 40 801.708 Hybr. 3.6899 0.0087 3.6868 0.0072

04/30 107 1862 1872 H2 100 1470 0.1 9.5 40 801.751 Hybr. 3.5035 0.0077 3.4915 0.0067

04/30 107 1876 1887 H2 100 1470 0.1 9.5 50 801.761 Hybr. 3.5071

04/30 109 1888 1888 H2 100 1470 0.1 9.5 50 801.761 Hybr. 3.3184 0.0106 3.3438 0.0086

04/30 111 1890 1894 H2 100 1470 0.1 9.5 50 801.761 Hybr. 3.2938 0.0103 3.2829 0.0090

05/01 112 1555 1562 H2 100 1100 1 9.5 40 803.529 Hybr. 3.6193 0.0109 3.6325 0.0118

05/01 112 1565 1573 H2 100 1100 1 9.5 30 803.557 Hybr. 3.8138 0.0103 3.8218 0.0117

05/01 112 1708 1715 H2 100 1100 0.1 9.5 40 803.564 Hybr. 3.7039 0.0072 3.7181 0.0070

05/01 113 1718 1725 H2 100 950 0.1 9.5 40 804.575 Hybr. 3.6667 0.0149 3.6176 0.0160

05/01 113 1728 1737 H2 100 950 0.1 9.5 30 804.545 Hybr. 3.9134 0.0121 3.8904 0.0137

05/01 113 1740 1750 H2 100 950 1 9.5 30 804.563 Hybr. 3.9280 0.0231 3.8827 0.0232

05/01 113 1753 1760 H2 100 950 1 9.5 40 804.577 Hybr. 3.7213 0.0149

05/02 118 1796 1800 H2 100 1470 1 9.5 50 801.546 Hybr. 3.5071

05/02 125 2185 2190 H2 100 300 1 9.5 10 808.432 Hybr. 1.7549 0.0061 1.7748 0.0060

05/07 157 3568 3575 H2 100 1140 0.05 9.5 25 803.485 Hybr. 3.6564 0.0139 3.7094 0.0151

05/07 157 3578 3585 H2 100 1140 0.05 9.5 20 803.483 Hybr. 3.7296 0.0159 3.7587 0.0172

05/07 157 3588 3595 H2 100 1140 0.05 9.5 10 803.495 Hybr. 3.8270 0.0194 3.8280 0.0216

05/07 157 3598 3605 H2 100 1140 0.05 9.5 5 803.509 Hybr. 3.8450 0.0136 3.8663 0.0149

05/07 158 3608 3615 H2 100 800 0.05 9.5 25 805.384 Hybr.

05/07 158 3618 3625 H2 100 800 0.05 9.5 20 805.373 Hybr. 2.8069 0.0242 2.8298 0.0235

05/07 158 3628 3635 H2 100 800 0.05 9.5 10 805.383 Hybr. 2.9282 0.0257 2.9213 0.0241

05/07 158 3638 3645 H2 100 800 0.05 9.5 5 805.398 Hybr. 3.0319 0.0197 3.0470 0.0192

05/07 159 3648 3655 H2 100 500 0.05 9.5 25 807.211 Hybr. 1.9618 0.0057 1.9633 0.0057

05/07 159 3658 3665 H2 100 500 0.05 9.5 20 807.211 Hybr. 1.9232 0.0053 1.9204 0.0056

05/07 159 3668 3675 H2 100 500 0.05 9.5 10 807.219 Hybr. 1.9189 0.0049 1.9188 0.0047

05/07 159 3678 3685 H2 100 500 0.05 9.5 5 807.235 Hybr. 1.8663 0.0048 1.8615 0.0046

04/24 58 307 315 H2+Air 10 735 1 9.5 25 805.037 Circ. 2.8072 0.0048 2.7990 0.0037

04/24 58 322 329 H2+Air 10 735 1 9.5 20 805.034 Circ. 2.7721 0.0038 2.7791 0.0038

04/24 58 332 339 H2+Air 10 735 1 9.5 10 805.06 Circ. 2.6892 0.0036 2.6878 0.0030

04/24 58 341 348 H2+Air 10 735 1 9.5 5 805.08 Circ. 2.6172 0.0045 2.6224 0.0042

04/24 59 351 358 H2+Air 6.78 1100 1 9.5 25 802.921 Circ. 2.7856 0.0049 2.7862 0.0034

04/24 59 362 370 H2+Air 6.78 1100 1 9.5 20 802.924 Circ. 2.6855 0.0036 2.7216 0.0028

04/24 59 373 380 H2+Air 6.78 1100 1 9.5 10 802.947 Circ. 2.6050 0.0038 2.6578 0.0034

04/24 59 383 390 H2+Air 6.78 1100 1 9.5 5 802.971 Circ. 2.5622 0.0025 2.5789 0.0020

04/24 61 393 401 H2+Air 5 1450 1 9.5 25 800.884 Circ. 2.6985 0.0040 2.6923 0.0035

04/24 61 404 411 H2+Air 5 1450 1 9.5 20 800.894 Circ. 2.6342 0.0036 2.6382 0.0033
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Date Run Start

Pulse

End

Pulse

Gas

Species

Gas

Conc.

(%)

Gas

Press.

(psi)

Beam

Int.

Beam

Length

(µs)

Elec.

Field

(MV/m)

Freq.

(MHz)

Circ.

/Hybr.

B τ (µs)B τ error

(µs)

E τ (µs) E τ error

(µs)

04/24 61 414 422 H2+Air 5 1450 1 9.5 10 800.911 Circ. 2.5333 0.0034 2.5610 0.0038

04/24 61 425 433 H2+Air 5 1450 1 9.5 5 800.93 Circ. 2.5009 0.0025 2.5541 0.0029

04/24 62 436 444 H2+Air 5 1100 1 9.5 25 803.006 Circ. 2.6412 0.0034 2.6421 0.0024

04/24 62 446 454 H2+Air 5 1100 1 9.5 20 803.007 Circ. 2.5566 0.0032 2.5769 0.0024

04/24 62 458 464 H2+Air 5 1100 1 9.5 10 803.019 Circ. 2.5543 0.0023 2.5757 0.0018

04/24 62 467 474 H2+Air 5 1100 1 9.5 5 803.038 Circ. 2.5026 0.0018 2.5194 0.0015

04/24 65 478 486 H2+Air 5 300 1 9.5 5 808.34 Circ. 2.3483 0.0024 2.3587 0.0021

04/24 65 490 497 H2+Air 5 300 1 9.5 10 808.34 Circ. 2.3490 0.0028 2.3464 0.0029

04/24 65 500 510 H2+Air 5 300 1 9.5 18 808.335 Circ. 2.3649 0.0034 2.3768 0.0025

04/24 66 514 522 H2+Air 1 1470 1 9.5 25 801.46 Circ. 1.8846 0.0032 1.8966 0.0033

04/24 66 525 532 H2+Air 1 1470 1 9.5 20 801.45 Circ. 1.9152 0.0031

04/24 66 535 542 H2+Air 1 1470 1 9.5 10 801.457 Circ. 2.0012 0.0027 2.0114 0.0030

04/24 66 545 552 H2+Air 1 1470 1 9.5 5 801.471 Circ. 2.0538 0.0025 2.0700 0.0026

04/24 67 555 562 H2+Air 1 1100 1 9.5 25 803.473 Circ. 1.7497 0.0016 1.7392 0.0011

04/24 67 566 573 H2+Air 1 1100 1 9.5 20 803.474 Circ. 1.7636 0.0022 1.7511 0.0015

04/24 67 576 583 H2+Air 1 1100 1 9.5 10 803.486 Circ. 1.8308 0.0017 1.8151 0.0019

04/24 67 586 593 H2+Air 1 1100 1 9.5 5 803.487 Circ. 1.8767 0.0015 1.8740 0.0010

04/24 68 597 604 H2+Air 1 300 1 9.5 18 808.461 Circ. 2.1017 0.0035 2.1022 0.0025

04/24 68 608 615 H2+Air 1 300 1 9.5 10 808.448 Circ. 2.1230 0.0028 2.1271 0.0024

04/24 68 618 625 H2+Air 1 300 1 9.5 5 808.452 Circ. 2.0762 0.0023 2.0847 0.0020

04/24 69 628 638 H2+Air 0.2 1450 1 9.5 25 801.642 Circ. 2.4230 0.0026 2.4324 0.0020

04/24 69 641 648 H2+Air 0.2 1450 1 9.5 20 801.637 Circ. 2.4867 0.0023 2.5120 0.0019

04/24 69 651 657 H2+Air 0.2 1450 1 9.5 10 801.65 Circ. 2.5371 0.0018 2.5512 0.0022

04/24 69 660 668 H2+Air 0.2 1450 1 9.5 5 801.773 Circ. 2.5608 0.0018 2.5712 0.0013

04/24 70 672 682 H2+Air 0.2 300 1 9.5 18 808.316 Circ. 2.5545 0.0029 2.5827 0.0028

04/24 70 686 694 H2+Air 0.2 300 1 9.5 10 808.22 Circ. 2.6569 0.0024 2.6643 0.0027

04/24 70 698 706 H2+Air 0.2 300 1 9.5 5 808.188 Circ. 2.6294 0.0023 2.6208 0.0018

04/24 71 709 716 H2+Air 0.04 1450 1 9.5 25 801.678 Circ. 2.4775 0.0026 2.4831 0.0021

04/24 71 719 726 H2+Air 0.04 1450 1 9.5 20 801.665 Circ. 2.5503 0.0025 2.5456 0.0020

04/24 71 729 736 H2+Air 0.04 1450 1 9.5 10 801.683 Circ. 2.5748 0.0019 2.5816 0.0022

04/24 71 739 746 H2+Air 0.04 1450 1 9.5 5 801.703 Circ. 2.5960 0.0019 2.6029 0.0014

04/24 72 749 756 H2+Air 0.04 300 1 9.5 18 808.321 Circ. 2.5399 0.0030 2.5625 0.0024

04/24 72 759 766 H2+Air 0.04 300 1 9.5 10 808.252 Circ. 2.6027 0.0031

04/24 72 769 776 H2+Air 0.04 300 1 9.5 5 808.206 Circ. 2.6439 0.0018

04/27 95 1563 1568 H2+Air 0.05 1470 1 9.5 25 801.596 Circ. 2.2480 0.0023 2.2624 0.0020

04/27 97 1543 1550 H2+Air 0.025 1470 1 9.5 25 801.596 Circ. 2.1810 0.0024 2.2050 0.0022

04/27 98 1553 1560 H2+Air 0.01 1470 1 9.5 25 801.608 Circ. 2.3030 0.0023 2.3152 0.0020

04/27 99 1562 1570 H2+Air 0.002 1470 1 9.5 25 801.612 Circ. 2.3510 0.0024 2.3722 0.0018

04/27 99 1573 1580 H2+Air 0.002 1470 1 9.5 20 801.621 Circ. 2.4592 0.0023 2.4591 0.0019

04/27 99 1583 1590 H2+Air 0.002 1470 1 9.5 10 801.642 Circ. 2.5060 0.0018 2.5129 0.0023
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Pulse

End

Pulse

Gas
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Gas

Conc.
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04/27 101 1593 1600 H2+Air 0.002 1470 1 9.5 5 801.667 Circ. 2.5536 0.0018 2.5647 0.0014

04/27 102 1603 1610 H2+Air 0.001 1470 1 9.5 25 801.606 Circ. 2.3536 0.0024 2.3665 0.0019

04/27 102 1613 1620 H2+Air 0.001 1470 1 9.5 20 801.615 Circ. 2.4378 0.0023 2.4610 0.0020

04/27 102 1752 1760 H2+Air 0.001 1470 1 9.5 10 801.637 Circ. 2.5344 0.0018 2.5395 0.0015

04/27 102 1763 1770 H2+Air 0.001 1470 1 9.5 5 801.662 Circ. 2.5598 0.0015

05/02 119 1909 1913 H2+Air 1 1470 1 9.5 50 801.476 Hybr. 3.8384 0.0068 3.8760 0.0051

05/03 127 2255 2262 H2+Air 1 1100 1 9.5 10 803.525 Hybr. 4.0145 0.0146 4.0536 0.0166

05/03 127 2265 2272 H2+Air 1 1100 1 9.5 25 803.484 Hybr. 3.8682 0.0138 3.8776 0.0155

05/03 127 2274 2281 H2+Air 1 1100 1 9.5 40 803.421 Hybr. 3.4618 0.0155 3.4705 0.0162

05/03 128 2284 2291 H2+Air 0.2 1100 1 9.5 10 803.687 Hybr. 4.4559 0.0145 4.4291 0.0149

05/03 128 2296 2303 H2+Air 0.2 1100 1 9.5 25 803.687 Hybr. 4.4787 0.0163 4.5123 0.0176

05/03 128 2306 2313 H2+Air 0.2 1100 1 9.5 40 803.656 Hybr. 4.4724 0.0193 4.4653 0.0199

05/03 129 2316 2325 H2+Air 0.04 1100 1 9.5 40 803.711 Hybr. 4.3881 0.0171

05/03 129 2329 2337 H2+Air 0.04 1100 1 9.5 25 803.594 Hybr. 4.2436 0.0172 4.2194 0.0155

05/03 129 2341 2348 H2+Air 0.04 1100 1 9.5 10 803.722 Hybr. 4.2224 0.0152 4.1738 0.0171

05/03 130 2754 2761 H2+Air 0.04 1100 0.2 9.5 10 803.821 Hybr. 3.8794 0.0231 3.8366 0.0233

05/03 130 2765 2770 H2+Air 0.04 1100 0.2 9.5 25 803.825 Hybr. 3.9676 0.0255

05/03 130 2833 2840 H2+Air 0.04 1100 0.2 9.5 40 803.804 Hybr. 4.1006 0.0226 4.0777 0.0233

05/03 131 2843 2850 H2+Air 0.04 800 0.2 9.5 10 805.452 Hybr. 3.8267 0.0178 3.7839 0.0161

05/03 131 2854 2861 H2+Air 0.04 800 0.2 9.5 25 805.448 Hybr. 3.8391 0.0185 3.8181 0.0170

05/03 131 2864 2872 H2+Air 0.04 800 0.2 9.5 40 805.419 Hybr. 3.6069 0.0257 3.6064 0.0229

05/03 132 2875 2883 H2+Air 0.04 300 0.2 9.5 10 808.441 Hybr. 2.2184

05/03 133 2884 2885 H2+Air 0.04 300 0.2 9.5 10 808.441 Hybr. 2.2184 0.0077 2.2136 0.0085

05/03 133 2886 2893 H2+Air 0.04 300 0.2 9.5 18 808.444 Hybr. 2.1317 0.0075 2.1106 0.0084

05/03 134 2896 2904 H2+Air 1 1470 0.2 9.5 10 801.623 Hybr. 3.9136 0.0086 3.8997 0.0076

05/03 134 2914 2921 H2+Air 1 1470 0.2 9.5 25 801.623 Hybr. 3.9112 0.0099 3.9003 0.0087

05/03 134 2924 2931 H2+Air 1 1470 0.2 9.5 40 801.619 Hybr. 3.9644 0.0106 3.9355 0.0090

05/03 135 2934 2941 H2+Air 1 1100 0.2 9.5 10 803.614 Hybr. 4.4198 0.0150 4.4052 0.0161

05/03 135 2944 2951 H2+Air 1 1100 0.2 9.5 25 803.615 Hybr. 4.4379 0.0185 4.4498 0.0204

05/03 135 2954 2961 H2+Air 1 1100 0.2 9.5 40 803.595 Hybr. 4.3595 0.0191 4.3817 0.0215

05/03 136 2964 2971 H2+Air 1 800 0.2 9.5 10 805.378 Hybr. 3.4776 0.0212 3.4746 0.0193

05/03 136 2974 2981 H2+Air 1 800 0.2 9.5 25 805.376 Hybr. 3.3122 0.0258 3.3155 0.0233

05/03 136 2984 2991 H2+Air 1 800 0.2 9.5 40 805.341 Hybr. 2.8525 0.0283 2.8632 0.0267

05/03 137 2994 3001 H2+Air 1 300 0.2 9.5 10 808.398 Hybr. 1.6749 0.0057 1.6530 0.0056

05/03 137 3004 3011 H2+Air 1 300 0.2 9.5 18 808.396 Hybr. 1.6088 0.0059 1.5862 0.0059

05/03 138 3014 3021 H2+Air 0.2 1470 0.2 9.5 10 801.672 Hybr. 3.7398 0.0087 3.7445 0.0076

05/03 138 3023 3030 H2+Air 0.2 1470 0.2 9.5 25 801.683 Hybr. 3.8023 0.0098 3.7826 0.0088

05/03 138 3033 3040 H2+Air 0.2 1470 0.2 9.5 40 801.664 Hybr. 3.8689 0.0104 3.8371 0.0090

05/03 139 3043 3050 H2+Air 0.2 1100 0.2 9.5 10 803.697 Hybr. 4.3844 0.0131 4.3590 0.0140

05/03 139 3053 3062 H2+Air 0.2 1100 0.2 9.5 25 803.698 Hybr. 4.4144 0.0150 4.3981 0.0165
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05/03 139 3065 3072 H2+Air 0.2 1100 0.2 9.5 40 803.68 Hybr. 4.4323 0.0185 4.4070 0.0194

05/03 141 3077 3084 H2+Air 0.2 800 0.2 9.5 10 805.432 Hybr. 3.6391 0.0193 3.6205 0.0179

05/03 141 3088 3095 H2+Air 0.2 800 0.2 9.5 20 805.43 Hybr. 3.6253 0.0201 3.5946 0.0193

05/03 142 3116 3123 H2+Air 0.2 800 0.2 9.5 25 805.421 Hybr. 3.5215 0.0230 3.5171 0.0208

05/03 143 3127 3134 H2+Air 0.2 300 0.2 9.5 10 808.433 Hybr. 1.7141 0.0056 1.6902 0.0057

05/03 143 3137 3146 H2+Air 0.2 300 0.2 9.5 18 808.422 Hybr. 1.6279 0.0058 1.6030 0.0058

05/03 144 3150 3157 H2+Air 0.022 1385 0.2 9.5 10 802.158 Hybr. 1.7460 0.0063 1.7165 0.0064

05/03 144 3160 3168 H2+Air 0.022 1385 0.2 9.5 25 802.163 Hybr. 1.6833 0.0060 1.6651 0.0059

05/03 144 3172 3180 H2+Air 0.022 1385 0.2 9.5 40 802.147 Hybr. 1.4835 0.0084 1.4713 0.0083

05/03 144 3183 3190 H2+Air 0.022 1385 0.2 9.5 50 802.128 Hybr. 1.4312 0.0103 1.4121 0.0100
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ENERGY LOSS DATA
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Table D.1. dw for pure hydrogen.

X

(MV/m/psi)

X error

(MV/m/psi)

Pressure

(psi)

dw

(J/cycle/pair)

dw error

(J/cycle/pair)

0.0140 0.0004298 300 6.013E-18 2.623E-19

0.0289 0.0005840 300 2.101E-17 1.007E-18

0.0531 0.0005792 300 5.694E-17 1.885E-18

0.0085 0.0002402 500 4.951E-18 2.391E-19

0.0175 0.0002130 500 1.551E-17 5.973E-19

0.0351 0.0001899 500 4.754E-17 1.819E-18

0.0441 0.0007558 500 7.039E-17 2.035E-18

0.0048 0.0000993 800 3.184E-18 2.874E-19

0.0100 0.0003779 800 1.039E-17 5.297E-19

0.0200 0.0002165 800 3.093E-17 1.695E-18

0.0253 0.0001604 800 4.547E-17 2.161E-18

0.0043 0.0001327 950 2.818E-18 1.896E-19

0.0089 0.0002832 950 8.804E-18 3.409E-19

0.0182 0.0004672 950 2.815E-17 1.159E-18

0.0221 0.0012667 950 3.959E-17 2.413E-18

0.0266 0.0011435 950 5.132E-17 2.346E-18

0.0350 0.0010116 950 9.126E-17 2.813E-18

0.0038 0.0001044 1100 2.730E-18 1.666E-19

0.0073 0.0002971 1100 6.423E-18 1.968E-19

0.0151 0.0004336 1100 2.382E-17 1.143E-18

0.0190 0.0009207 1100 3.277E-17 1.268E-18

0.0242 0.0004574 1100 5.311E-17 1.735E-18

0.0319 0.0004295 1100 8.646E-17 1.821E-18

0.0036 0.0000713 1140 2.701E-18 4.866E-20

0.0069 0.0001847 1140 6.191E-18 1.754E-19

0.0141 0.0002754 1140 2.224E-17 5.075E-19

0.0189 0.0003325 1140 3.132E-17 6.699E-19

0.0031 0.0000504 1300 1.923E-18 9.320E-20

0.0064 0.0000773 1300 6.593E-18 2.731E-19

0.0129 0.0001228 1300 2.142E-17 9.953E-19

0.0159 0.0001684 1300 3.012E-17 1.354E-18

0.0026 0.0000368 1470 1.522E-18 6.552E-20

0.0051 0.0001082 1470 4.904E-18 3.198E-19

0.0102 0.0002277 1470 1.626E-17 8.633E-19

0.0135 0.0000857 1470 2.502E-17 7.934E-19

0.0214 0.0002969 1470 5.399E-17 1.855E-18

0.0251 0.0003269 1470 7.375E-17 2.979E-18

0.0027 0.0000393 1520 1.653E-18 8.004E-20

0.0054 0.0001209 1520 5.731E-18 1.729E-19
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X

(MV/m/psi)

X error

(MV/m/psi)

Pressure

(psi)

dw

(J/cycle/pair)

dw error

(J/cycle/pair)

0.0109 0.0001039 1520 1.807E-17 7.043E-19

0.0132 0.0006130 1520 2.657E-17 2.202E-18

Table D.2. dw for dry air-doped hydrogen

X

(MV/m/psi)

X error

(MV/m/psi)

Pressure

(psi)

Concentration

(%)

dw

(J/cycle/pair)

dw error

(J/cycle/pair)

0.01386 0.0001042 300 0.04 4.8387E-18 7.9822E-20

0.02770 0.0012482 300 0.04 1.4135E-17 1.2650E-18

0.04975 0.0020516 300 0.04 4.3012E-17 4.4728E-18

0.01380 0.0001336 300 0.2 1.8251E-18 2.2727E-19

0.02847 0.0006371 300 0.2 8.9650E-18 1.0188E-18

0.04710 0.0058567 300 0.2 3.0479E-17 1.2195E-17

0.01418 0.0000326 300 1 5.0447E-19 4.1981E-20

0.02869 0.0001598 300 1 2.6359E-18 8.6544E-19

0.05286 0.0003550 300 1 1.3916E-17 5.5100E-18

0.01391 0.0000378 300 5 1.4605E-19 1.3271E-20

0.02852 0.0000699 300 5 8.1802E-19 4.0377E-20

0.05257 0.0001874 300 5 3.5854E-18 1.5049E-19

0.00564 0.0001174 735 10 2.5707E-20 1.2914E-20

0.01128 0.0001947 735 10 1.1119E-19 1.6444E-20

0.02170 0.0003892 735 10 3.9066E-19 4.4083E-20

0.02860 0.0001394 735 10 7.3497E-19 1.1025E-19

0.01023 0.0000626 800 0.04 4.7293E-19 2.0240E-19

0.02574 0.0003054 800 0.04 3.6069E-18 7.4795E-19

0.04204 0.0006037 800 0.04 1.4422E-17 4.1365E-18

0.01013 0.0001035 800 0.2 2.5237E-19 6.2604E-20

0.02081 0.0000524 800 0.2 1.2223E-18 9.5714E-20

0.02589 0.0000378 800 0.2 2.3511E-18 1.1422E-19

0.01006 0.0000575 800 1 1.6573E-19 2.6105E-20

0.02526 0.0002354 800 1 1.3738E-18 1.0132E-19

0.04127 0.0005075 800 1 4.2816E-18 2.0855E-19

0.00752 0.0000289 1100 0.04 1.3711E-19 1.6406E-20

0.01845 0.0000235 1100 0.04 1.2248E-18 1.6349E-19

0.02960 0.0004132 1100 0.04 3.8556E-18 1.4988E-19

0.00767 0.0000102 1100 0.2 9.4938E-20 9.0626E-21

0.01893 0.0000735 1100 0.2 7.7910E-19 8.3783E-20
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X

(MV/m/psi)

X error

(MV/m/psi)

Pressure

(psi)

Concentration

(%)

dw

(J/cycle/pair)

dw error

(J/cycle/pair)

0.03019 0.0000914 1100 0.2 2.4568E-18 3.2295E-19

0.00381 0.0000390 1100 1 2.7387E-20 3.7259E-21

0.00777 0.0000752 1100 1 9.8127E-20 2.2685E-20

0.01560 0.0000882 1100 1 5.0987E-19 2.2027E-20

0.01969 0.0002665 1100 1 8.2611E-19 1.7694E-19

0.03048 0.0003091 1100 1 1.9056E-18 1.0341E-19

0.00346 0.0000139 1100 5 1.3002E-20 1.8448E-21

0.00708 0.0000733 1100 5 6.3776E-20 3.1276E-21

0.01505 0.0001228 1100 5 3.2808E-19 1.5690E-20

0.01832 0.0000530 1100 5 5.2364E-19 2.4126E-20

0.00336 0.0001082 1100 6.78 1.1507E-20 1.7432E-21

0.00693 0.0001630 1100 6.78 5.5797E-20 5.2563E-21

0.01388 0.0003595 1100 6.78 2.6325E-19 1.9883E-20

0.01832 0.0000295 1100 6.78 4.6554E-19 2.0467E-20

0.00599 0.0000666 1385 0.022 1.4957E-19 7.5997E-21

0.01539 0.0000617 1385 0.022 1.1973E-18 5.1791E-20

0.02475 0.0002061 1385 0.022 3.9382E-18 2.2993E-19

0.02708 0.0000963 1385 0.022 4.8833E-18 1.7928E-19

0.00265 0.0000394 1450 0.04 3.0871E-20 3.2481E-21

0.00519 0.0000889 1450 0.04 1.3588E-19 1.6823E-20

0.01390 0.0000524 1450 0.04 1.1986E-18 8.3971E-20

0.00257 0.0000662 1450 0.2 1.6820E-20 1.2092E-21

0.00519 0.0001191 1450 0.2 7.8623E-20 8.2138E-21

0.01380 0.0000660 1450 0.2 6.5397E-19 4.0135E-20

0.00284 0.0000345 1450 5 8.9036E-21 8.0315E-22

0.00551 0.0001037 1450 5 3.8715E-20 3.2321E-21

0.01460 0.0000691 1450 5 3.5621E-19 1.1882E-20

0.00252 0.0000583 1470 0.001 2.7226E-19 4.3519E-20

0.00478 0.0001023 1470 0.001 9.6851E-19 2.0097E-19

0.01040 0.0001922 1470 0.001 5.4125E-18 7.8034E-19

0.01323 0.0001023 1470 0.001 8.7037E-18 5.8606E-19

0.00259 0.0000405 1470 0.002 1.3494E-19 1.2469E-20

0.00503 0.0001237 1470 0.002 5.2968E-19 6.7224E-20

0.01064 1470 0.002 3.1157E-18 2.4734E-19

0.01334 0.0001217 1470 0.002 5.7536E-18 5.7191E-19

0.01362 0.0000847 1470 0.01 1.3716E-17 2.1699E-17

0.01337 0.0000871 1470 0.025 6.5334E-19 9.4445E-20

0.01339 0.0001093 1470 0.05 6.3514E-19 4.1834E-20

0.00539 0.0000133 1470 0.2 5.6440E-20 2.3717E-21

0.01334 0.0000405 1470 0.2 4.0819E-19 4.0131E-20

0.02095 0.0001756 1470 0.2 1.2385E-18 8.7556E-20
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X

(MV/m/psi)

X error

(MV/m/psi)

Pressure

(psi)

Concentration

(%)

dw

(J/cycle/pair)

dw error

(J/cycle/pair)

0.00272 0.0000215 1470 1 1.4404E-20 1.4090E-21

0.00534 0.0000346 1470 1 5.2858E-20 9.2725E-21

0.01099 0.0000551 1470 1 3.0852E-19 1.1807E-20

0.01351 0.0002681 1470 1 4.4404E-19 1.1629E-19

0.02123 0.0001130 1470 1 1.0601E-18 4.4116E-20
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APPENDIX E

ELECTRON-ION RECOMBINATION DATA
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Table E.1. β for low beam intensity hydrogen, calculated at equilibrium

E0

(MV/m)

E0 error

(MV/m)

Eequil

(MV/m)

Eequil

error

(MV/m)

Pressure

(psi)

Beam Inten-

sity (pro-

tons/pulse)

Beam Intensity

error (pro-

tons/pulse)

β ( cm
3

s ) β error

( cm
3

s )

4.426 0.032 0.235 0.026 300 5.8737E+9 1.4236E+9 4.9586E-7 1.1160E-7

7.460 2.242 0.478 0.049 300 4.2227E+9 2.1778E+9 3.4702E-7 6.1095E-8

13.857 3.723 0.908 0.073 300 4.5892E+9 2.4253E+9 2.6174E-7 5.8287E-8

16.535 0.186 1.845 0.122 300 1.7948E+9 3.0829E+8 2.2669E-7 3.0811E-8

4.414 0.131 0.793 0.105 500 3.6419E+9 2.4995E+9 1.9334E-6 1.1636E-6

8.950 0.806 1.550 0.182 500 3.7215E+9 2.5643E+9 1.2755E-6 1.0345E-6

20.213 2.325 3.240 0.428 500 4.1078E+9 2.5186E+9 7.0040E-7 2.6720E-7

22.696 0.735 4.555 0.302 500 1.4555E+9 1.9198E+8 4.5258E-7 4.7500E-8

4.030 0.082 0.703 0.062 800 5.4209E+9 1.4033E+9 1.4428E-6 4.1080E-7

6.739 2.033 1.412 0.278 800 3.3642E+9 2.0368E+9 1.5067E-6 1.3048E-6

15.747 5.750 3.442 0.644 800 3.3590E+9 2.2425E+9 1.1575E-6 1.6926E-6

21.211 0.045 6.850 0.058 800 1.4283E+9 2.4080E+8 5.4847E-7 7.2286E-8

4.292 0.174 0.815 0.109 950 5.0074E+9 1.1140E+9 2.1667E-6 7.5412E-7

7.301 2.167 1.689 0.184 950 3.7304E+9 1.7920E+9 1.6939E-6 9.4829E-7

17.903 5.009 3.647 0.445 950 4.3081E+9 1.7102E+9 7.8279E-7 5.2921E-7

20.444 2.393 7.295 0.853 950 1.6519E+9 1.3493E+8 6.8929E-7 1.1007E-7

29.181 4.778 10.505 1.182 950 1.1607E+9 1.2943E+8 1.8355E-6 7.7375E-7

4.233 0.076 1.173 0.047 1100 4.2359E+9 7.5535E+8 3.0728E-6 9.1251E-7

6.917 2.070 2.064 0.205 1100 3.1579E+9 1.3936E+9 2.6553E-6 2.1397E-6

17.398 5.120 4.667 0.799 1100 3.7258E+9 1.5118E+9 1.2736E-6 1.6956E-6

20.507 2.765 8.596 1.084 1100 1.7858E+9 3.6608E+8 1.1374E-6 4.9462E-7

37.034 0.193 13.880 0.292 1100 1.0439E+9 1.2840E+8 1.3863E-6 3.4041E-7

4.172 0.072 2.245 0.214 1300 3.9934E+9 2.0826E+9 1.8981E-5 2.4345E-5

8.606 0.072 4.479 0.388 1300 4.3691E+9 2.2748E+9 8.8160E-6 9.0296E-6

18.529 1.737 8.667 0.693 1300 5.5070E+9 2.6529E+9 3.8390E-6 4.0150E-6

21.239 1.445 11.005 0.647 1300 2.9082E+9 1.3119E+9 2.9839E-6 3.9163E-6

35.493 2.979 21.553 3.371 1470 1.3591E+9 1.6398E+9 5.1431E-6 9.3813E-7

4.190 0.045 1.782 0.210 1520 4.6279E+9 1.3224E+9 2.6706E-6 6.8189E-7

7.067 2.088 3.137 0.530 1520 3.8281E+9 1.5980E+9 3.1454E-6 3.0530E-6

16.603 4.435 6.709 1.215 1520 4.2802E+9 1.8741E+9 1.5512E-6 1.5259E-6

19.503 2.328 10.933 0.986 1520 1.9625E+9 1.5375E+8 1.7893E-6 3.5168E-7
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Table E.2. β for high beam intensity hydrogen, calculated at equilibrium

E0

(MV/m)

E0 error

(MV/m)

Eequil

(MV/m)

Eequil

error

(MV/m)

Pressure

(psi)

Beam Inten-

sity (pro-

tons/pulse)

Beam Intensity

error (pro-

tons/pulse)

β ( cm
3

s ) β error

( cm
3

s )

4.142 0.006 0.093 0.002 300 2.7475E+10 1.2071E+9 6.7696E-7 3.0799E-7

8.611 1.683 0.202 0.019 300 2.5987E+10 5.7459E+9 4.0204E-7 1.7892E-7

8.690 0.064 0.304 0.017 300 2.8777E+10 2.1555E+9 1.3125E-7 1.9763E-8

16.627 0.017 0.383 0.002 300 2.7729E+10 1.0480E+9 3.3857E-7 1.6361E-7

4.505 0.020 0.292 0.003 500 2.8380E+10 9.9079E+8 2.0124E-6 5.7246E-7

9.192 0.022 0.565 0.007 500 2.8596E+10 1.3262E+9 1.0283E-6 2.6214E-7

18.277 0.049 1.076 0.026 500 2.7296E+10 1.2985E+9 6.3691E-7 1.6064E-7

23.062 0.076 1.329 0.027 500 2.8150E+10 1.3613E+9 5.5930E-7 1.2388E-7

4.029 0.091 0.256 0.027 800 2.9906E+10 1.0332E+9 4.1309E-6 1.0956E-5

8.678 0.269 0.552 0.063 800 2.7372E+10 2.8412E+9 4.7569E-7 2.4524E-7

20.983 0.071 1.356 0.046 800 2.8305E+10 1.8745E+9 2.3340E-7 3.6748E-8

4.220 0.026 0.355 0.005 950 2.6023E+10 2.3352E+9 2.1900E-6 1.3022E-6

8.427 0.173 0.755 0.020 950 2.7083E+10 9.8991E+8 7.4542E-7 4.7213E-7

18.762 0.985 1.606 0.136 950 2.5969E+10 2.1477E+9 2.8886E-7 5.3628E-8

30.042 4.963 2.597 0.324 950 1.8322E+10 2.2130E+9 1.2586E-6 7.9648E-7

4.496 0.034 0.479 0.035 1100 2.7553E+10 3.5788E+9 2.5452E-6 8.4214E-7

7.783 0.068 0.841 0.030 1100 2.7372E+10 1.8905E+9 1.5958E-6 3.9289E-7

23.826 6.710 2.541 0.487 1100 2.6129E+10 5.1897E+9 1.0889E-6 1.0582E-6

4.215 0.035 1.086 0.071 1300 2.5522E+10 3.4513E+9 5.1094E-6 1.3421E-6

8.779 0.051 2.079 0.037 1300 2.6446E+10 1.1289E+9 2.7528E-6 4.2851E-7

17.455 0.044 3.847 0.039 1300 2.6586E+10 2.0554E+9 1.4432E-6 2.8583E-7

21.462 0.207 4.737 0.206 1300 2.6093E+10 1.9997E+9 5.4769E-7 1.0202E-7

3.919 0.057 0.743 0.051 1470 2.6801E+10 3.0540E+9 4.3456E-6 1.3539E-6

7.747 0.166 1.334 0.014 1470 2.9109E+10 6.2048E+8 2.0525E-6 3.7628E-7

23.077 9.281 2.870 0.524 1470 2.8236E+10 2.5057E+9 8.6013E-7 3.9429E-7

34.685 3.114 4.942 0.731 1470 2.6667E+10 3.9533E+9 1.6824E-6 7.5568E-7

4.293 0.031 0.794 0.023 1520 2.8350E+10 1.5126E+9 1.7368E-6 2.6600E-7

8.623 0.058 1.475 0.020 1520 2.9995E+10 2.5469E+9 9.0936E-7 1.6189E-7

16.359 2.750 2.676 0.182 1520 2.7231E+10 5.3192E+9 6.2686E-7 4.1320E-7

21.256 0.060 3.274 0.022 1520 2.8909E+10 1.5380E+9 4.7747E-7 7.9078E-8
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Table E.3. β for hydrogen, calculated using the recursion formula. β(E) = β0 E
βexp

Pressure (psi) Beam Intensity

(protons/pulse)

E0 (MV/m) β0 βexp

300 2.7475E+10 4.143 4.0831E-8 0.8351

300 2.7882E+10 9.177 4.0831E-8 0.8351

300 2.7729E+10 16.632 4.0831E-8 0.8351

500 2.8380E+10 4.509 6.0769E-7 0.0866

500 2.8596E+10 9.203 4.0512E-7 0.0866

500 2.7296E+10 18.288 2.7008E-7 0.0866

500 2.8150E+10 23.073 2.0256E-7 0.0866

800 2.9748E+10 4.119 4.8049E-7 0.0165

800 2.8216E+10 8.382 3.4702E-7 0.0165

800 2.8305E+10 20.982 2.1355E-7 0.0165

950 2.6023E+10 4.219 4.7118E-7 0.0122

950 2.7083E+10 8.424 2.9449E-7 0.0122

950 2.6337E+10 17.848 2.3559E-7 0.0122

950 2.6459E+10 19.761 2.0614E-7 0.0122

1100 2.8849E+10 4.485 6.9480E-7 0.0061

1100 2.7372E+10 7.779 4.6320E-7 0.0061

1100 2.8029E+10 17.444 2.7792E-7 0.0061

1100 2.8718E+10 20.061 2.3160E-7 0.0061

1300 2.7493E+10 4.225 1.2132E-6 0.0129

1300 2.6734E+10 8.775 8.4927E-7 0.0129

1300 2.6586E+10 17.455 4.8529E-7 0.0129

1300 2.6727E+10 21.415 3.6397E-7 0.0129

1470 2.7842E+10 3.912 8.9699E-7 0.0095

1470 2.9109E+10 7.747 5.3819E-7 0.0095

1470 2.8774E+10 15.674 3.2889E-7 0.0095

1470 2.9274E+10 20.636 2.6910E-7 0.0095

1520 2.8673E+10 4.286 7.6035E-7 0.0092

1520 2.9995E+10 8.623 4.8386E-7 0.0092

1520 2.8817E+10 17.222 3.1797E-7 0.0092

1520 2.8909E+10 21.259 2.7649E-7 0.0092

300 1.5480E+09 4.465 1.3551E-7 0.3885

300 1.6387E+09 9.047 1.3551E-7 0.3885

300 1.6967E+09 16.456 8.1305E-8 0.3885

500 1.4213E+09 4.196 4.9617E-7 0.0827

500 1.4480E+09 8.960 3.3078E-7 0.0827

500 1.4604E+09 18.420 1.9847E-7 0.0827

500 1.4656E+09 22.776 1.9847E-7 0.0827

800 1.3956E+09 3.907 8.4965E-7 0.0426

800 1.5945E+09 8.244 5.2286E-7 0.0426
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Pressure (psi) Beam Intensity

(protons/pulse)

E0 (MV/m) β0 βexp

800 1.4283E+09 21.224 2.8757E-7 0.0426

950 1.6611E+09 4.390 9.5945E-7 0.0437

950 1.6825E+09 8.966 6.7162E-7 0.0437

950 1.6964E+09 18.128 4.2216E-7 0.0437

950 1.6074E+09 22.734 2.8784E-7 0.0437

1100 1.7182E+09 4.355 1.6096E-6 0.0391

1100 1.5566E+09 8.543 9.6578E-7 0.0391

1100 1.7012E+09 17.264 5.4727E-7 0.0391

1100 1.6873E+09 22.817 4.1850E-7 0.0391

1300 1.9839E+09 4.159 2.2121E-7 0.0350

1300 1.9342E+09 8.585 1.2290E-7 0.0350

1300 1.9280E+09 17.345 7.3738E-8 0.0350

1300 1.9012E+09 21.835 7.3738E-8 0.0350

1520 2.1190E+09 4.181 2.5257E-6 0.0247

1520 1.8424E+09 8.238 1.2629E-6 0.0247

1520 1.8930E+09 17.296 6.3143E-7 0.0247

1520 1.9693E+09 21.681 5.3672E-7 0.0247
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Table F.1. τ for dry air-doped hydrogen, calculated using the recursion formula.

Pressure (psi) Concentration

(%)

E0 Beam Intensity

(protons/pulse)

τ (s)

300 0.04 15.50 2.7277E+10 2.4803E-7

300 0.2 12.57 2.6719E+10 5.8487E-8

300 1 16.59 2.8201E+10 2.7422E-8

300 5 16.43 2.7069E+10 7.1093E-9

300 0.04 8.36 2.6637E+10 1.2704E-7

300 0.2 8.75 2.7775E+10 4.0470E-8

300 1 8.93 2.7917E+10 1.5144E-8

300 5 8.91 2.6791E+10 5.0203E-9

300 0.04 4.33 2.6949E+10 7.4484E-8

300 0.2 4.31 2.7313E+10 2.2600E-8

300 1 4.43 2.8014E+10 7.9314E-9

300 5 4.35 2.6075E+10 2.5029E-9

800 0.04 35.03 6.3349E+09 2.6595E-8

800 1 34.29 7.1220E+09 5.0021E-9

800 0.04 21.46 6.7448E+09 1.4136E-8

800 0.2 21.54 6.7540E+09 1.0387E-8

800 1 21.04 6.9352E+09 6.0629E-9

800 0.2 17.34 7.0304E+09 5.5417E-9

800 0.04 8.52 6.8944E+09 9.1978E-9

800 0.2 8.44 7.0411E+09 8.7738E-9

800 1 8.39 6.8840E+09 2.9793E-9

1100 1 22.85 2.7870E+10 1.5416E-9

1100 5 20.98 2.7375E+10 7.0398E-10

1100 6.78 20.98 2.6647E+10 7.0436E-10

1100 1 17.87 2.7554E+10 1.0222E-9

1100 5 17.25 2.7218E+10 9.5233E-10

1100 6.78 15.91 2.6750E+10 8.0990E-10

1100 1 8.95 2.7674E+10 7.1610E-10

1100 5 8.12 2.7105E+10 6.4924E-10

1100 6.78 7.95 2.7360E+10 6.3588E-10

1100 1 4.37 2.6983E+10 5.2440E-10

1100 5 3.96 2.7211E+10 4.7542E-10

1100 6.78 3.84 2.6578E+10 4.6024E-10

1470 0.001 20.26 2.9731E+10 3.2614E-8

1470 0.002 20.42 2.8845E+10 2.3369E-8

1470 0.01 20.82 2.7833E+10 5.8804E-9

1470 0.025 20.45 2.8704E+10 1.6763E-9

1470 0.05 20.49 2.6776E+10 1.1240E-9

1470 1 21.07 2.7230E+10 9.1331E-10
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Pressure (psi) Concentration

(%)

E0 Beam Intensity

(protons/pulse)

τ (s)

1470 0.001 15.94 2.9286E+10 2.7128E-8

1470 0.002 16.38 2.8946E+10 1.9074E-8

1470 1 16.85 2.7691E+10 1.2739E-9

1470 0.001 7.32 2.8477E+10 1.7034E-8

1470 0.002 7.71 2.8441E+10 1.1528E-8

1470 1 8.16 2.7646E+10 7.3877E-10

1470 0.001 3.86 2.8808E+10 1.5543E-8

1470 0.002 3.96 2.8645E+10 9.5641E-9

1470 1 4.17 2.7694E+10 7.7832E-10

300 0.04 15.59 6.6010E+09 2.3703E-7

300 0.2 16.37 6.8533E+09 1.5061E-7

300 1 16.43 6.9621E+09 3.2870E-8

300 0.04 8.95 6.7412E+09 1.2537E-7

300 0.2 9.07 6.8093E+09 7.2583E-8

300 1 9.00 6.9051E+09 1.7992E-8

1100 0.04 34.14 7.1347E+09 9.8768E-9

1100 0.2 34.55 7.5542E+09 3.8323E-9

1100 1 34.90 6.7271E+09 1.3159E-9

1100 0.2 21.60 6.8978E+09 2.2913E-9

1100 1 22.28 6.6771E+09 7.1616E-10

1100 0.04 8.59 8.4003E+09 2.2590E-9

1100 0.2 8.78 6.9091E+09 1.2040E-9

1100 1 8.85 6.7149E+09 6.4036E-10
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Table G.1. η for dry air-doped hydrogen, calculated using the recursion formula.

Pressure (psi) Concentration

(%)

E0 Beam Intensity

(protons/pulse)

η ( cm
3

s )

300 0.04 15.50 2.7277E+10 1.2401E-7

300 0.2 12.57 2.6719E+10 1.0052E-7

300 1 16.59 2.8201E+10 5.3102E-8

300 5 16.43 2.7069E+10 8.8743E-8

300 0.04 8.36 2.6637E+10 8.0236E-8

300 0.2 8.75 2.7775E+10 5.5996E-8

300 1 8.93 2.7917E+10 7.1421E-8

300 5 8.91 2.6791E+10 1.2119E-7

300 0.04 4.33 2.6949E+10 5.8895E-8

300 0.2 4.31 2.7313E+10 6.5510E-8

300 1 4.43 2.8014E+10 8.5031E-8

300 5 4.35 2.6075E+10 1.3907E-7

800 0.04 35.03 6.3349E+09 4.2034E-8

800 1 34.29 7.1220E+09 3.8410E-8

800 0.04 21.46 6.7448E+09 5.1513E-8

800 0.2 21.54 6.7540E+09 5.1696E-8

800 1 21.04 6.9352E+09 5.8906E-8

800 0.2 17.34 7.0304E+09 5.5502E-8

800 0.04 8.52 6.8944E+09 1.1085E-7

800 0.2 8.44 7.0411E+09 1.1930E-7

800 1 8.39 6.8840E+09 1.1716E-7

1100 1 22.85 2.7870E+10 5.0139E-8

1100 5 20.98 2.7375E+10 9.1517E-8

1100 6.78 20.98 2.6647E+10 8.4575E-8

1100 1 17.87 2.7554E+10 4.8358E-8

1100 5 17.25 2.7218E+10 7.4518E-8

1100 6.78 15.91 2.6750E+10 9.1374E-8

1100 1 8.95 2.7674E+10 6.4101E-8

1100 5 8.12 2.7105E+10 1.0538E-7

1100 6.78 7.95 2.7360E+10 1.2130E-7

1100 1 4.37 2.6983E+10 7.6387E-8

1100 5 3.96 2.7211E+10 1.1301E-7

1100 6.78 3.84 2.6578E+10 1.1768E-7

1470 0.001 20.26 2.9731E+10 1.6208E-8

1470 0.002 20.42 2.8845E+10 2.2058E-8

1470 0.01 20.82 2.7833E+10 3.1642E-8

1470 0.025 20.45 2.8704E+10 3.9271E-8

1470 0.05 20.49 2.6776E+10 4.2629E-8

1470 1 21.07 2.7230E+10 4.6165E-8



202

Pressure (psi) Concentration

(%)

E0 Beam Intensity

(protons/pulse)

η ( cm
3

s )

1470 0.001 15.94 2.9286E+10 2.1045E-8

1470 0.002 16.38 2.8946E+10 2.7519E-8

1470 1 16.85 2.7691E+10 5.9053E-8

1470 0.001 7.32 2.8477E+10 2.9283E-8

1470 0.002 7.71 2.8441E+10 3.0822E-8

1470 1 8.16 2.7646E+10 7.4562E-8

1470 0.001 3.86 2.8808E+10 3.0890E-8

1470 0.002 3.96 2.8645E+10 3.1688E-8

1470 1 4.17 2.7694E+10 8.3554E-8

300 0.04 15.59 6.6010E+09 1.2475E-7

300 0.2 16.37 6.8533E+09 1.3096E-7

300 1 16.43 6.9621E+09 3.9444E-8

300 0.04 8.95 6.7412E+09 1.7910E-7

300 0.2 9.07 6.8093E+09 9.0729E-8

300 1 9.00 6.9051E+09 8.9959E-8

1100 0.04 34.14 7.1347E+09 6.5282E-8

1100 0.2 34.55 7.5542E+09 6.6836E-8

1100 1 34.90 6.7271E+09 6.8218E-8

1100 0.2 21.60 6.8978E+09 7.4664E-8

1100 1 22.28 6.6771E+09 7.9434E-8

1100 0.04 8.59 8.4003E+09 8.2693E-8

1100 0.2 8.78 6.9091E+09 8.6418E-8

1100 1 8.85 6.7149E+09 1.4150E-7
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